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Synopsis 
This thesis discusses, evaluates and, where possible, demonstrates the opening and 
closing stages of switching techniques and circuit arrangements needed to condition 
(sharpen) the output current pulse of a helical flux compression generator. The sharp 
rise in resistance that accompanies the rapid fusing of a thin metal foil (termed a fuse) 
opens the circuit in the initial stages, and a fast acting plasma erosion switch (PEOS) 
whose output circuit is magnetically insulated at the end of its opening phase provides 
the same duty in the final stage. 
The study is directed towards a generator having a I to 2 MJ and multi-MA rating 
accumulated in about ISO microseconds, the ultimate aim being to produce an output 
current pulse rising to several hundred kiloamperes in approximately ten nanoseconds in 
a short circuit load, the accompanying loss of energy being of secondary importance. 
Additionally, the output circuit needs to be able to sustain high-voltages (MV) rising in 
a few nanoseconds across a purely resistive load. 
Brief considerations of flux compression technology and experimental methods 
(Chapter 1 and 2) and various switching processes (Chapter 7) are included to provide a 
wide perspective to the main objectives. The capacitor banks, associated pulsed power, 
firing control and diagnostic tools developed in support of the experimental programme 
are described, and the calibration methods adopted and the procedures followed when 
conducting experiments both in the laboratory and on the firing range are discussed. 
Details are presented of the design, construction and testing of both a helical flux 
compressor (called Flexy) and a PEOS switch. The bulk of the thesis concentrates 
however on an extensive experimental programme, conducted both in the laboratory 
and on the firing range. 
The characteristics of the conditioning circuit switching components are derived from 
the experimental results and subsequently used in a computer program for numerically 
simulating the behaviour of conditioning circuits. The thesis concludes with a proposed 
design for a conditioning circuit that satisfies the central aim of the investigation. 
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Chapter 1 
INTRODUCTION 
A flux compressor can be loosely described as a current charged (or primed) inductor, 
which is closed to trap the internal magnetic flux before being rapidly reduced in 
volume, usually by means of explosives. The consequent increase in the internal energy 
density and the net energy in the final volume of the inductor provide a very useful high 
energy (MJ) and current (MA) inductive energy source for many pulsed power 
applications. 
An inductive energy source offers a number of advantages over a capacitive one for 
high-current short-duration applications Perhaps the most important one of these is that 
the maximum energy, which is limited by the current-carrying capacity and the 
mechanical strength of the materials involved, can be orders of magnitude greater than 
that of a capacitive source density, where the limitation depends solely on the electrical 
breakdown strength of the materials. However, to transfer current from a closed 
inductive source to a load requires the circuit to be opened, whereas a capacitive source 
can be connected directly to the load. 
The tim~ to achieve the maximum current output (termed the run-time) of a high 
energy flux compressor can be up to several hundred microseconds, which means that 
the output current must be conditioned (or sharpened) to suit the many applications that 
need a current pulse rising to a maximum value in microseconds or even nanoseconds. 
The resistance characteristics of thin metal foils (conventionally termed fuses) 
connected in the inductor circuit provide a simple but effective means of reducing the 
rise time of the output current. The fast rise in resistance and consequent high voltage 
that accompany the explosive action of a fuse effectively open the circuit, thereby 
enabling current to be rapidly switched to a load. Several stages of this process, each 
providing additional conditioning, may be needed to bring about the necessary 
shortened rise time of the output current. Where nanosecond rise times are required, a 
plasma erosion opening switch, which can open a high current circuit in about ten 
nanoseconds is included in the final conditioning stage. 
l.l.Aims ofthesis 
The bulk of this thesis concentrates on an extensive experimental programme that was 
undertaken in relation to a 1 MJ flux compression generator, both in the laboratory and 
1 
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on a firing raoge, to demonstrate where possible the performaoce of the individual 
components of a conditioning system aod to model their characteristics so that ao 
assessment cao be made of proposed overall circuit arraogements. The computer 
modelling aod numerical programming for this aspect of the work w , 
B M Novae of the Electronic aod Electrical Engineering Department at Loughborough 
University.A central aim of the thesis is to produce ao output current from the generator 
driven conditioning system rising to several hundred kiloamperes in about ten 
naooseconds, aod to have the ability to produce a pulse of several megavolts across a 
purely resistive load 
1.2.Structure of thesis 
Chapters 2, 3 aod 7 provide a wide perspective to the main objectives of the thesis, aod 
will serve as background information for ongoing research or applications. Chapter 4 
describes the different facilities aod diagnostic tools developed during the course of the 
research, aod explains the various calibration procedures that were required. 
The firing raoge procedures adopted aod the experimental results obtained from several 
quite different flux compressor designs are presented aod discussed in Chapter 5. These 
are followed by ao outline of the design, construction aod appraisal of the I MJ 
generator in Chapter 6. 
In Chapter 8, the fuse exploding phenomena are described aod the performaoce of both 
capacitor bank aod flux compressor driven fuses are demonstrated. Opening aod closing 
switch current traosfer techniques are also explained, aod a numerical fuse model is 
derived from experimental results for use in performaoce prediction of the current 
traosfer circuits. 
The information aod procedures needed to design a plasma erosion-opening switch aod 
to predict its performaoce with a fast rising input pulse are presented in Chapter 9. This 
chapter also contains ao outline of the design aod construction of such a switch for use 
with the IMJ flux compressor, together with ao assessment of its performaoce when 
driven by a capacitor baok. 
A number of different conditioning circuits are studied in Chapter 10, as possible 
caodidates for achieving the central objectives of the overall research programme. 
Chapter 11 presents the overall conclusions drawn from the research aod suggestions 
for its continuation. Chapter 12 lists the relevaot publications that have been produced 
during the course of the work. 
2 
1.3.Research commissioning agency 
The research programme was commissioned by the Defence Research Agency (ORA) 
following revived interest in the production of large electrical pulses and the techniques 
needed to condition and sharpen the pulse profile. Or J.R. Lyons of the Military 
Division at Fort Halstead Kent organised the funding for the work and maintained a 
close interest in its progress. 
3 
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Chapter2 
OVERVIEW OF FLUX COMPRESSION GENERATOR TECHNOLOGY 
It is on occasions necessary to undertake high risk, high energy pulsed power 
experiments at remote sites, or even in outer space, or to test new devices for which a 
high-pulsed power and energy source is needed. In either situation a capacitor bank may 
be too bulky to be transported or too costly to be developed, especially at the multi-
megajoule energy level of many proof-of-principle experiments. In these circumstances 
the flux-compression generator (FC) can provide a compact and relatively inexpensive 
alternative energy source. Although 'flux compression' is a common term it can be quite 
misleading and care should be taken with its use, as in typical simple high current (multi-
MA) generator design the final magnetic flux may be only about 15% of the initial value. 
A more appropriate term is energy density concentrator, since the action of these devices 
is to generate a high energy density in the final (or load) volume remaining after the 
compression action is complete. 
The basic mechanisms involved in flux compression may be understood by considering a 
closed conducting cage surrounding a region in which a magnetic field is established by 
either a current flowing through the cage or some external priming source. The process of 
flux compression is introduced when the volume of the cage is reduced by the action of 
an externally applied pressure. The compression time must be sufficiently short, of the 
order of microseconds, to prevent massive magnetic diffusion through the walls of the 
surrounding cage. In addition, the cage material, and its thickness, must be designed to 
satisfy the dynamic conditions, and also to ensure that there is an insignificant increase in 
its resistance due to Joule heating. A wide variety of different geometrical arrangements 
for the conducting cage have emerged from experimental work, including cylindrical, 
coaxial-cylindrical, helical cylindrical (considered below), plane, bellows, spherical, 
Archimedes-spiral-Iike and disc shaped. [Herlack 1979] [Reinovsky et a! 1993]. The 
force that accelerates the conducting cage to compress the magnetic field can be 
produced by an explosive (solid, liquid, gaseous or even nuclear) or by electromagnetic 
means. In the first case, a part (possibly up to 50%) of the chemical energy released by 
the explosive (typically 5 MJ/kg), is transformed into the kinetic energy of the moving 
cage. As this compresses the magnetic field, and does work against the internal magnet4J 
force, a significant part of the kinetic energy is transformed into magnetic energy. 
4 
The high electrical loss mechanisms inherent in the dynamic process lower the magnetic 
flux within the cage and reduce the potential energy gain. Much research in recent years 
has therefore been directed towards understanding and minimising these losses. Although 
overall efficiency (electromagnetic output energy)/(chemical energy released by the 
explosive) is a consideration in the design of a flux compression generator, it should be 
noted that only about I 0 kg of explosive is needed to produce I MJ of electrical output at 
an overall efficiency of 2%. The size and weight of the energy source needed to provide 
the initial magnetic field (termed the priming source) is also a vital consideration in some 
applications. For instance, in a throwable device, small novel FCs arranged in cascade 
can provide the priming source for a compact and lightweight pulsed power package 
Because of their explosive nature, generators must be operated on a firing range, in a 
bomb chamber, or at a remote site where the explosive environment can be easily 
handled and contained. Most, if not all, of the generator components, together with any 
Table 2.1: The Megagauss Club: maximum magnetic field, energy and current 
achieved with flux-compression generators 
Magnetic field 
density Energy Current Programme 
MG(l~ MJ MA Start 
Russia 
{USSR) 17/28* 100 >300 1952 
USA 10./14* 50 320 1950 
France 11.7 8.5 24 1961 
EURATOM 
(Frascati) 5.4/7* 2 16 1961 
UK 5 10 20 1956 
Romania 5/7.5* 0.5 12 1982 
Japan 5.4 D D 1970 
Poland 3.5 
-
0.8 1973 
PR China D D 2(?) 1967 
Germany 
-
0 1.2(?) 1975 
*obtained only once 0 data not available ? much higher figure probably obtained 
+inferred from X-ray pictures and a numerical simulation code 
associated sensors, are destroyed following the generation operation. The magnetic flux 
density achieved may exceed 100 T, representing an energy density of 4 GJ/m3, with the 
consequent magnetic pressure on the conducting surfaces of forty thousand atmospheres 
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being sufficient to destroy the cage. Fortunately, these destructive forces do not pose any 
serious problem during the brief period of energy production in a well-designed 
generator. 
Experiments on flux compression began in earnest in the 1950s and formed part of the 
atomic weapons program. Since then experimental work has been undertaken in more 
than ten countries, and Table 2.1 provides a summary of the outputs obtained in the 
various programs by 1996. It will be noted that in this area of technology very large units 
are involved: MJ, MA and MO, and with MV being generated for microsecond time-
scales power is often measured in GW and sometimes even in TW. 
As a general rule, a flux compressor fulfils one oftwo distinct sets of requirements. 
(i) Those that serve as sources of very high pulsed-power. The initial magnetic field 
is compressed into an inductor forming part of an external load circuit and 
thereby produces megamperes of current and megajoules of energy within it, and 
(ii) Those designed to generate ultra-high magnetic fields. The most common 
arrangement for this is to compress and concentrate the magnetic field within a 
cylindrical conducting cage into a small volume at its centre, by rapidly 
imploding the cage using explosive or electromagnetic techniques 
[Knoepfel1970]. 
2.1 The helical flux compressor 
A flux compressor in cylindrical helix geometry is used as a high pulsed-power source 
for the studies described in this thesis. This relatively simple arrangement is particularly 
suited for providing MJ energies and MA currents into inductive loads. The basic and 
more detailed arrangements of an end-initiated helical device shown in Figs 2.1 and 2.2 
can be used to illustrate the action and, by considering the flux and energy changes 
involved, the general principle of flux compression. 
The action of the generator begins with the creation of an initial linkage flux (described 
later) normally by the discharge of a capacitor bank through the circuit formed by the 
helical stator coil, the load inductor (coaxial in Fig 2.2) and the tubular coaxial cylinder 
(termed the armature). 
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The explosive within the armature expands it into the conical form of Fig 2.1 (b) that 
contacts the coil (at timet= t, in Fig 2.2) and moves along it changing its inductance and 
initiation 
point 
detonation 
contact 
point 
stator 
winding 
products ----t~ 
armature 
armature 
cone 
initial 
current 10 
V..._- explosive 
charge 
,....,._load 
Fig. 2.1: Basic end-initiated helical generator: (a) prior to initiation; 
(b) following initiation. 
(a) 
(b) 
resistance as the detonation front progresses towards the load. Initiation of the explosive 
is timed so that the cone contacts the crowbar bolts (insulated to prevent arcing) 
Insulated crowbar 
bolts (3) inertial mass (concrete) armature 
high helical 
explosive 
detonator 
Fig 2.2: Helical flux-compressor 
shown in Fig 2.2, when the priming current (Io) reaches its maximum value at t = t0• 
probe 
holder 
Contact with the crowbars provides a low resistance path between the coil and the 
armature that both short-circuits the current (Io in Fig 2.1) from the priming source and 
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diverts and confines the priming current in the generator to circulate within its internal 
circuit. The point of contact made by the expanding armature with the helical coil moves 
progressively to the right from its position at time t = t1, until the remaining flux is finally 
contained at t = t2 within the load inductor. Throughout this time a current path is 
completed through the helical coil, the load inductor and the armature, and the current 
that circulates through this path increases progressively as the point of contact moves 
toward the load. 
The energy generation process can be explained by considering the flux compressor as an 
electromagnetic circuit. To give a clear understanding of the process, a brief introduction 
to the magnetic and linkage flux concept and a simple derivation of the accumulated 
magnetic energy is given below. This is followed by the presentation and solution of the 
equation for a simple FC, together with some examples of the overall current and energy 
gains. 
It is customary to regard the magnetic field produced by the current (11) flowing in a 
circuit as lines of flux, giving the field direction by their direction and the magnitude by 
their density. The flux lines do not originate from a magnetic source and so are 
continuous in space and join back on themselves, with consequent linking with part or all 
of the circuit The units of flux($) are Webers, their density (B) are Webers/ m2 or Tesla 
and the total flux linkages ($1) are measured in Weber links with the circuit. 
The circuit inductance (L) is defined as the flux linkage per unit current, 
L=<I>VJ (2.1) 
Considering the situation where the inductance is constant, then from Faradays law of 
induction, the emf induced in L by the changing current is 
e= (2.2) 
It follows from Lenz' s law that, to establish <I>~, the applied voltage (ea) across L must at 
every instant be equal and opposite to e, thus 
and from eqn (2.1) 
d(f), 
e =--
a dt 
dl 
e =L-
a dt 
(2.3) 
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From eqns (2.2) and (2.3), the rate at which energy is accumulated in the magnetic field 
oftheinductanceis 
dCI>, dl 
e 1=!--orLI-
a dt dt (2.4) 
so that the total energy (W) accumulated and stored in the inductance at time t when the 
current is It is 
I, 
W, =L Jldl 
Integrating gives (2.5) 
Equation (2.5) shows that Wt depends upon the instantaneous values of the flux linking 
the circuit, and the current. 
In the case of a flux compressor where the inductance is a function of time 
The basic circuit equation becomes 
dLI Ldl ldL 
-+ IR = 0 = -+-+ IR 
dt dt dt (2.6) 
where R =the effective resistance (see chapter 6) of the FC, and L= L(t) 
The solution of equation (2.6) is 
(2.7) 
where Lt It is the linkage flux at time (t), Lo Io is the initial value, andexp(-J~ dt) is the 
proportion of flux left in the system. This analytical solution is particularly useful when 
R and L are simple functions of time, for example when the pitch of the FC coil remains 
constant. 
From eqn (2.7) the proportion of the original flux linking the load inductance 1 1 at the 
end of the FC run when I,= It (t = tz in fig 2.2) is 
(2.9) 
denoting this by the symbol T], the current gain of the FC is 
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substituting 11 = Lolo 17 into eqn (2.5), with L = L1 gives Ll 
~ =WO ~0 17 2 (2.11) 
I 
so that the energy gain is 
(2.12) 
If the load inductance is very much smaller than the initial inductance say Lo/L1 = 500, 
then from the equations above, 
(i) For a lossless generator the flux is conserved and 11 = 1, giving current and energy 
gains of500 
(ii) For a well designed high current flux compressor, with say 30 % of the initial flux 
remaining in the load circuit at the end of its run, 11 = 0.3, giving current and energy 
gains of 150 and 45. 
2.1.1 Some practical limitations 
It is common practice to restrict the line current density in a flux compressor to less than 
0.2 MA cm·' in order to avoid excessive resistive losses (see section 6.3.1 ). In high 
current designs the width of the coil conductors and the consequent winding pitch 
progressively increase to satisfY this restriction as the armature cone moves along the coil 
and the current rises. The increase in the pitch also produces a reduction in the time rate 
of change of inductance produced by the movement of the cone. 
The conversion of kinetic to electrical energy and the voltage induced in the circuit both 
depend upon the current and the rate-of-change of inductance as the cone moves along 
the coil, optimum conversion being obtained when the voltage between the coil and 
armature is close to the breakdown value throughout the run-time In medium current flux 
compressor designs (MA), these optimum conditions are easily met; however in large 
multi-mega-ampere designs, an imposed current density restriction progressively reduces 
the energy conversion from the optimum value in the high current region of generation. 
These considerations are discussed in greater detail in chapter 6 
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2.1.2 Machined generators 
The cylindrical helix flux compressor can be constructed using insulated wire and a few 
simple machined components, as described in the next section. A numerically controlled 
winding machine however can be programmed to follow the design requirements more 
precisely, thus producing an accurate aligmnent between the coil and the armature (which 
is a very important consideration in small diameter compressors) and an improved 
performance. 
Machined coils with turn size variations that closely satisfY the current density 
limitations are cut from copper cylinders, potted with epoxy resin in a vacuum chamber 
to exclude air bubbles, and skimmed internally to remove the resin from the inside 
surface. Flanges attached at each end of the coil connect to the priming source and the 
load. When complete, the coil is overlaid with thick epoxy resin or concrete (depending 
on the current rating) to inhibit movement of the windings by the magnetic pressure. The 
copper or aluminium armature is skimmed internally to fit the explosive charge, which is 
usually cast, and externally to provide a constant diameter. When the load is a closed 
cylinder, the armature is extended into it and attached to its end plate, thereby allowing 
the tip of the cone to enter. (see Fig 2.2). 
A winding machine can also introduce changes in the diameter of the coiVarmature to 
compensate for the decrease in inductance referred to in section 2.1.1, and thereby to 
produce a significant increase in the current gain [Boriskin et all994). Tilting of the coil 
turns to match the angle of the cone in the high current stages of a simple helix coil is 
also beneficial. Fig 2.3 is a diagram of a generator (described in chapter 5), which has 
Armature Tilted turns Load 
4-·-·-·-·-·-·-·-·-·-·-·-·-·-·-·-·-·-·---·-·-·-·-
Fig 2.3: MJ flux compressor with tilted turns 
both a progressive increase in the coil winding width and tilted turns towards the end of 
coil. Such designs are both costly and extremely difficult to construct. However, in 
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practice, experimental requirements are now met by simple and inexpensive systems, 
employing hand-wound coil s wi th constan t dian1eter armatures. Machined generators 
could only be seriously considered if the energy-to-bulk ratio was an overrid ing 
consideration in a final engineering specification. 
2.1.3 Hand-wound flux compressor 
Fig 2.4 shows a hand-wound coi l as used for the study described 1n this thesis. Tt 
employs a simple constant diameter armature, and an insulated-wire coil wound on a 
mandrel, and overl aid with epoxy resin to form a rigid coil structure. The increasing 
current in the coil is accommodated by dividing it in to a number of sections, wi th both 
Turn splitting points 
Fig 2.4: Hand-wound MJ flux compressor coil 
the diameter of the conductors and the number in paralle l increasing toward the load end, 
and till s is referred to as turn-splitting. Care must be taken to stagger the wire joints 
around the circumference to ensure a smooth transaction as the cone enters a new section. 
The energy gain of a hand-wound flux compressor is modest, the construction fa irly 
straightforward, and the cost relati vely low. 
2.1.4 Coupling of helical flux compressors 
The value of the flux conservation efficiency of a flux compressor defined by equation 
(2.9), represents the flux that remains at the end of the action and thus provides a useful 
figure of merit. Practical values range between 0.2 and 0.4 in the best generators and 
decreases with an increase of the inductance ratio L1 I Lo. Wbere high-energy output and 
gain are required, it is advantageous to use several coupled generators, each with a 
modest inductance ratio, to keep the overall figure of merit high. Transformer coupling 
can also be used to match the generator to a high impedance load. 
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In the most common method of coupling, the output current of one generator is 
conveyed to the next by coaxial cables, where it produces the priming current using a 
Fig 2.5: Cascade of flux compressors 
standard transformer coupling circuit. Successive generators are triggered. so that one 
begins to generate immediately the previous one finishes its run. Coupli ng has the 
advantage that each armature diameter needs only to be sized to satisfy the maximum 
current density value for the current at the end of its run-time. The cascaded generators 
increase in size towards the final load. Fig 2.5 shows a cascade of coupled generators 
wi th an output of 100 MJ [Pavlovskii 1991] from an input of2 kJ. 
nother method of coupling, more suited to small diameter generators wi th modest 
output currents, is shown schematically in Fig 2.6. It is described various ly in the 
Fig 2.6: Arrangement ofFLUXAR generating system 
literature as flux-capture, a dynamic transformer technique, or given the name FLUXAR 
[Novae et al J 997]. The cascaded generators are conveniently arranged on a common 
armature, so that the triggering of each is automatic. The load inductor of one compressor 
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is directly coupled to a section, or to the whole, of the helical coil of the next section, 
which remains open circuit until it is crowbarred. When a generator completes its run, 
and its load current is a max imum, the next compressor circuit in the cascade is closed by 
the action of its crowbar. The flux-turns then present wi thin its volume are automatically 
trapped, causing current to fl ow in the coil as the generati on commences. 
A benefici al increase in the initial flux-turns in successive generators, leading to an 
overall increase, can be obtained in both coupling methods described above by 
employing a step-up ratio in the coupling transformers. 
Very high current sources can also be provided for low inductance applications by 
connecting a number of flux compressors in parallel. 
2.1 .5 Priming source 
Most firing sites where explosive pulsed-power research is conducted have a large and 
heavy capacitor bank, with energies ranging from 0.2 MJ to a few MJ. These can provide 
the priming energy for a s ingle large generator, which is able to produce the many 
megajoules of energy and megamps of current required for experimentati on. ln some 
applications however when light-weight 
and size are overriding factors, it is 
impractical to employ a capacitor bank 
as the priming sow·ce. ln such cases. a 
few stages of smal l FLUXAR 
generators, initially primed by a battery 
or a small capacitor, are sufficient to 
supply the priming energy required by a 
multi-megajoule device, enabling a 
compact pulsed power package to be 
designed. F ig 2.7 shows such an 
arrangement 
2.2 Applications 
Cascade ofFLUXARS 
Fig 2. 7: Artists view of autonomous 
1 0 :MT system 
Among the most important features of a flux compression generator are its low weight, 
compactness and autonomy since, if necessary, the initial primary source could even be a 
magnet or a shocked piezo-electric device. These are important assets when high values 
of pulsed power are needed in remote places, for outer space and military applications 
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using rockets, and for proof of concept experimentation. The availability of very large 
levels of output current and energy, has Jed to their use as pulsed x-ray and neutron 
sources in the thermonuclear fusion program. and for the production of high magnetic 
fields. They are also widely used in the development of powerful lasers and 
electromagnetic launchers. In a number of applications the generator output needs to be 
sharpened. so that the current rises to its maximum in a few microseconds or even 
nanoseconds, by the use of opening and closing switch techniques involving exploding 
metaiJic fuses and plasma devices. 
2.2.1 Cylindrical implosion techniques 
Magnetic fie lds exceeding 2000 T have been reported near shaped rods carrying very 
fast-rising currents [Spiel man et al 1990], and fi elds of the order of I 04 T are believed to 
ex ist in both fast-moving high-density hot magnetised plasmas, and in short pulse-
compression laser experiments. The only means so far known of producing ultra-high 
magnetic fields in volumes sufficiently large for practical application (more than 1o-6m3) 
however is to use a converging implosion generator. The in1ploding metallic cylinder is 
(a) 
liner 
insulator 
return 
cond uctor 
(b) 
Fig. 2.8: Electromagnetic nux compression devices for fie lds up to 5 MG (500 T) : 
(a) Z geometry. Linear squeezed by the fie ld B0 produced by the current lz · 
High I 0 (not shown) t1ow in lin er as the central field builds up ; (b) 9 geometry. 
Lin er squeezed by Bz fie ld produced by currents 10 and r{ t1owing in the primary 
coil and the lin er. 
termed a liner, and an outer coi l energised by either a capacitor bank or a flux compressor 
provides the initial magnetic field. For magnetic fields up to about 500 T the 
electromagnetic forces produced by discharging a capacitor bank or the sharpened output 
of a flux compressor into the type of z-pinch or 9-pinch loads shown in Fig 2.8 have been 
used to collapse the copper liner. For high magnetic fields, explosive rather than 
electromagnetic effects are used to produce the implosion forces. Although fie lds 
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exceeding 2000 T have been claimed exceptionally, magnetic fields up to about 1 000 T 
can be produced consistently by the simple arrangement of Fig 2.9, which accelerates 
copper cylinders to more than 4000 m/s by external explosive charges. With advanced 
firing techniques used to ensure that the charges are detonated with a high degree of 
simultaneity, the time for implosion is about I 0 J..I.S and the field exists for the order of 
hundreds of nanoseconds. A limjtation to thi s technique lies in the melting and 
vaporisation of the inner surface of 
the liner and, as a consequence. the 
loss of stabi lity of the metallic/field 
interface, with the onset of 
Rayleigh-Taylor instability as the 
cylindrical geometry is lost, see Fig 
2.9 (a). 
To obtain magnetic fields exceeding 
I 000 T, in volumes sufficiently 
large for useful application, the so-
called cascade system of liners 
shown in Fig 2.9(b) is adopted. Each 
of the internal system of coaxial 
liners consists of an unconnected 
axial copper wire structure, held in 
position by epoxy resm and 
transparent to the magnetic fi eld. 
When an imploding liner hits the 
next liner of the cascade, this ts 
me I ted and transformed into a 
homogenous copper tiner which 
lal 
I b) 
ogh pr~ris1on 
C!!lonators 
® robe ~ im l1al ~osition o" ., er 
1 
f or>a po~ I on ot loner 
I probr y~collaps1ng l1ner (unsrl of cnstan.11 esl 
\ ~ siabil·z·1g I Pe· tasudes 
'-.... _../ 
fig 2.9: Explosive-initiated implosive device. 
Very high circular currents (not shown) are 
developed in the liner during the implosion 
can a llow circl ing currents to flow, with consequent further compression of the magnetic 
field. The design and positioning of the individual liners is such that the contact is made 
before geometrical stability of the previously accelerated liner is lost. The maximum 
reported reproducible magnetic field of nearly 1700 T acrueved with this technique 
[Pavlovskii et a l 1994] corresponds to an energy density of l 06 TJ/m3, and is produced in 
about 20 J..I.S as shown in Fig 2.10 
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The first reported application of the implosive flux compression technique was in the 
1940s, when it was used in the Y -Manhattan atomic bomb project to study the cylindrical 
20 
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Fig.2.10: Typica l 
flu x-compression 
characteristics 
for the growth of 
current in a helica l 
generator and 
magnetic field 
for a cylindrica l 
implosion device 
implosion of a meta lli c shell [Hawkins 1946]. More recent applicati ons have included the 
study of materials under pressures of many millions of atmospheres, in particular in 
seeking the transition of hydrogen to the metallic state. For these experiments the probe 
of Fig 2.9 consisted of a copper cylinder squeezed by the magnetic fi eld deve loped inside 
the flux-compression generator in a manner similar to that of the copper liner of Fig 
2.8(b) Implosive techniques are also used to produce high magnetic fields for plasma 
research, for the acceleration of microspheres and in the study of a wide range of 
magneto-optic phenomena. 
Between 1985 and 1990, many billions of dollars were spent in the USA on developing 
energy weapons technology in the Star Wars/SDJ project. Several of the concepts 
underlying flux-compression generators figured prominently in that programme, where 
they were used as power sources in proof-of-concept experiments and the development 
of high energy technology. At the same time, about the same level of effort was being 
expanded in the USSR. However, in the present era of collaboration and reduced 
spending on weapons, both types of implosion device described above have been used in 
controlled thermonuclear fus ion research. Using many disc-type flux compressors 
connected in parallel as a power source, liners were electromagnetically accelerated to 
more than 50 km/s and then made to compress pre-heated deuterium plasma to generate a 
high burst of neutrons. 
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A sharing of the high costs involved in this fusion research (estimated at more than $ 11 
billion) is one objective of the recent scientific co llaboration between the U A and 
Russia [Lindemuth 1997]. A I GJ I 00 TW flux compressor has been produced as the 
power source for a proof-of-concept break-even fusion experiment.. In addition, the 
moratorium on nuclear testing has meant that the flux compressor is being considered as 
the large, compact and inexpensive power source needed for the X-ray, neutron and EMP 
pulse generators (including a sharp high voltage pulse as in this study) used to provide 
strong pulsed radiation for weapon effect studies. 
2.2.2 Soft X-ray source 
A good illustration of the flux compressor used as a source in a proof-of-concept 
experiments is found in the Trai lmaster project conducted in the USA at the Los Alamos 
ati onaJ Laboratory in New Mexico. The objective is to produce a large pulse of soft X-
rays (from 50 to above 500 eV), by applying a 15 MA pulse axially a long a short and 
very thin aluminium cylinder in some hundreds of nanoseconds. The cylinder rapidly 
becomes a plasma, which is then imploded in a fraction of a microsecond by the z-pinch 
Input Header Mark IX Flux Compression Generator 
Storage lnductor and 
Opening Switch 
H 
I / 
Plasma Flow Switch 
and Implosion Load 
\ 
\ K 
L 
. J 
Fig 2. 11 Cross secLion of the Procyon explosive pulsed power system (not to scale). The t~ee 
ma.jor segments are noted, as well as the input header and the components: A-Typ1cal 
input cable; B-Typical resistor in a 4!1 array; C-lnput insulator, D-MK-IX armature; 
E-MK-IX stator; F- MK-IX explosive; G-Teflon EFF forming die and storage inductor 
insulator; H-EFF switch element; !-Detonator actuated closing switches; J -closing 
switch insulation; K-radiation baffles; L-PFS conductor and barrier film; M-4-cm 
radius load slot; and N-free volume housing the firing unit for EFF detonators. 
forces. When the plasma arrives on the ax is, its kinetic energy is converted into internal 
energy, heating the plasma and radiating X-rays in a complicated interplay of processes. 
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Fig 2. 11 (Goforth et al 1993] is a line diagram of the explosive device (called Procyon). 
It shows the helical generator that provides 20 MA into the output conditioning circuit 
needed to provide the sharp current pulse required by the z-pinch section. The circuit 
consists of an explodingly formed fuse 
(EFF) opening switch, followed by an 
explos ively acti vated closing switch that 
connects current to a plasma flow switch 
(PFS) that opens and feeds the sharpened 
pulse along the aluminium cylinder. (A 
full description ofthe switches is given in 
a later chapter) 
Experiments at lower energy and current 
levels using a capacitor bank source are 
being conducted in a parallel supporting 
programme to determine the characteristics of 
the sharpening circuit components. Fig 
Storage inductor and opening switch 
Plasma flow switch 
2. 12 shows the device assembled on the Fig 2.12: Procyon exp losive pulsed power system 
firing site 
2.3 ources of information 
The main sources of information on flux-compression generators are contained in the 
fo llowing Proc of the Int Megagauss Conferences held between 1965-1 998, ([Turchi ( ed) 
1980), (Titov & Shvetsov(eds) 1983), (Fowler Caird & Erickson (eds) 1987) (Titov & 
Shevtsov (eds) 1990), (Cowan & Speilma n (eds) 1994) (Knoepfe l & Herlach (eds) 
1996), Further valuable sources are the Proc of the thirteen!EEE lnt Pulsed Po·wer 
Conferences held between 1976 and 200 I . 
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Chapter 3 
OUTLINE OF FLUX COMPRESSION EXPERIMENTAL METHODS 
The history of pulsed-power research in general, and that of flux-compressors m 
particular, contains numerous examples of the development of dedicated special-purpose 
instrumentation (or the adaptation of previously developed equi pment) for the 
measmement and/or analysis of the rapidly changing phenomena that are invo lved. The 
spectrum begins with a wide range of transducers, and continues through the x-ray 
machines needed for dynamic radiography up to the ultrafast oscilloscopes produced 
during the 1960s. Most of the techniques and instrumentation described below were 
developed to fulfil various special needs that arose during major research investigations. 
Flux-compression generator research 1s basically a blend of detonics and 
electromagnetism. Detonics, as the science of detonation and explosive performance, 
provides the knowledge needed to understand the initial energy transformation process in 
the generator, from the chemical energy stored in the high explosive charge to the kinetic 
energy of the moving generator armature. Electromagnetism complements this, by 
providing a description of the generation of high and ultrahigh magnetic fields in the 
final energy transformation process, from the kinetic energy of the armature to the output 
electromagnetic energy. 
3.1 Electromagnetic experimental techniques 
A number of diverse experimental techniques have been developed for use during the 
electromagnetic phase of the generator action. These are based on familiar 
electromagnetic or photonic principles and are explained below. 
3.1.1 Flux probes 
The flux (or magnetic induction) probe described in detail in Chapter 4 Section 4.7.1, is 
the most frequently adopted device used to measure high pulsed magnetic fie lds. An 
effective common ground point is difficult to establish in a fast very-high-current circuit, 
and pick-up probes minimise the problems encountered with ground loops when a direct 
connection is made to the circuit. Although they can be as simple as a single turn of thin 
wire, a properly chosen number of turns should be used to provide increased sensitivity. 
The probe responds to the rate of change of magnetic flux density with time (commonly 
20 
referred to as B-dot), and to obtain the flux density a passive high-impedance Re -
integrator is normally employed, inserted at the oscilloscope end of the coaxial cable 
used for the probe connection. Although the frequency bandwidth of the probe can be 
several hundreds of megahertz, it can on occasions be difficult or even impossible to use. 
The most common drawbacks arise from electromagnetic pick-up electrostatic coupling 
and electrical breakdown, due to an unexpectedly high rate-of-change of the magnetic 
fi eld inducing an excessive voltage in the probe. A further problem may arise from the 
length of the coaxial cable that is sometimes necessary and which can adversely affect 
the overall frequency response. In addition, in ultrahigh magnetic-fie ld compression 
experiments (and in some special flux compression generators) the electromagnetic 
forces acting on the current-carrying conductors can alter the geometry of the measuring 
circuit and thus change the irutial calibration, while on occasions the currents may be 
sufficient to fuse the wire from which the probe is made. 
Although flux probes are normally used for fie ld measurements they can easily be 
adapted to measure current, either by calibration using a known current source or, for 
simple conductor geometries, by calculating the current from the measured field strength. 
3.1.2 Rogowski coils for electrical currents 
The typical self-integrating Rogowski coil Is toro idal in shape and surrounds the 
conductor in which the current is to be measured. Application of Ampere' s Law shows 
that the voltage induced in the coil is independent of its position relative to the conductor. 
The construction of a Rogowski coil is less simple than that of a pick-up probe. but the 
many improvements achieved over the years are collected in monographs which detail 
the techniques needed to achieve a required bandwidth and even to self-integrate the 
signal. Although calibrated Rogowski coil s are commercially available, the particular 
features of an experiment may force a special-purpose unit to be constructed. Many of 
the drawbacks associated with pick-up probes (electromagnetic noise, effect of long 
connecting cables etc) also have to be considered when using a Rogowski coil. As with 
the pick-up probe, the Rogowski coil can be used, when properly calibrated, to measure a 
quantity other than current. For example the voltage across a known resistance can be 
obtained from a measurement of the current flowing through it. 
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3.1.3 Voltage dividers 
Although voltage dividers may be thought of as representative of an o ld technology, at 
least one new concept is still presented at almost every one of the biennial IEEE 
International Pulsed Power Conference. Dividers capable of use in megavolt ci rcuits and 
with rise times of nanoseconds (or even shorter) have already been developed. Few of the 
many types of resistive, capacitive or hybrid devices described in the I iterature however 
are suitable for use in flux-compressor research. ln fact the measurement of voltage 
pulses at the remote sites where explosive devices are normally detonated presents an 
extremely complex challenge, since the usual laboratory conditions (short signal cables, a 
single good ea11h point, etc) cannot be achieved. 
Electromagnetic methods still provide the most common inexpensive and convenient 
approach to measuring the pulsed magneti c fields and currents encountered in flux-
compressor experiments. However, in the last decade they have progressively been 
replaced by pho tonic methods, to provide the reliable and accurate measurements needed 
in proof-of-principle experiments that may be large scale and single shot and involve 
considerable expense. 
3.2 Pbotonic methods 
All the drawbacks mentioned above in connection with electromagnetic methods of 
instrumentation are eliminated in sensors based on photonic techniques. The advantages 
these offer may be summarised as: 
• immunity to electromagnetic interference 
• no ' interaction ' with the pulsed magnetic field (no forces act on the instrumentation 
circuit, no heating because of diffusion) 
• electrical isolation 
• no ground loops 
• miniaturisation 
• high bandwidth (depending mainly on the opto-electronic converter) 
• high sensitivity 
• the abili ty to address measurement problems that are inaccessible using 
electromagnetic technology ( eg, very small spaces accompanied by very high voltages 
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and electromagnetic di scharges. such as a fast plasma opening switch or a Marx 
generator). 
The only d isadvantage is the rather high cost of the components involved (eg a Pockels 
cell) in sensors which may be destroyed when used with an explosive generator, 
restricting their use to experiments in which the total cost is rugh. 
3.2.1 Faraday-rotation effect 
Measurement methods using this effect are based on the rotation produced in the 
po larisation plane of light travelling through the electro-optical sensitive element o f a 
sensor. when a magnetic fi eld is applied parallel to the direction of travel. The rotation 
angle 9 is proportional to the length I of the light path in the e lement and the magnetic 
field intensity H. or 
B=VIH 
where V is the Verdet constant of the element materi al. Depending on the application, 
Epoxy 
500 (Nlt~ ­
t~bte 
To electro~ltUI 
IOfltt'l'lor (lOIN 
Sect1on A·A 
!Not lo sci{t) 
frOlll Iuer UOml 
Fig 3.1: Miniature Faraday·rotation transducer for 
megagauss imploding experiments.The outer diameter 
of the active region (quartz probe) is 8 mm 
the length of an optical material 
with an appropriate value of V is 
adjusted to give the required size 
of signal. Fig 3. 1 shows how a 
fibre-optic cable ts used to 
transmit light both from and to the 
Faraday sensor to ensure the 
advantages listed above. It is 
probably the only technique 
possible for measuring ultrahigh 
magnetic fields above I 000 T ( I 0 
MO); with the highest recorded 
fields of 1700 T ( 17 MO) the 
element material was flint. 
Faraday-rotation sensors to 
measure fast-rising, and very high 
currents were developed from 
special twisted single-mode 
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fibres, taking advantage of the (low) Verdet constant of the fibre material. The fibre is 
positioned in a similar marmer to a Rogowski coil , with a number of turns surrounding 
the current-carrying conductor. Extreme care is needed in a sensor used in a flux-
compression generator to avoid any mechanical contact with the moving conductors 
(some movement may even be caused by the very large magnetic pressures that are 
produced), which may induce additional birefringence in the fibre and thereby a lter the 
measured signal. 
3.2.2 Pockets effect 
The Pockels e lectro-optic effect can be used to obtain a measure of the strength of an 
elec.tric fi eld. When a field is applied in the X direction to a crystal , the refraction index 
n0 increases in that direction, whilst that in the Y directi on remains constant. A light 
beam polarised a long the X d irection then propagates along the Z directi on with a slower 
speed than that of a beam polari sed a long the Y direction. A phase sllift will thus appear 
between the components in these two directions which is proportional to the field 
strength E and the crystal length I, and is referred to as an induced electrica l 
birefringence r (E), where 
r(E) = 21m~rlE 
-1 
in which r is a n electro-optic coeffi cient 
and A. is the wavelength of light emitted 
by the source. To measure voltage, two 
electrodes at a potential difference V are 
deposited on the crystal surface giving 
an electric fie ld, of E = V/d where d is 
the separation of the electrodes. The 
phase shi ft resulting from the application 
of thi s voltage is detected by optical 
intensity measurements. 
laser 
diode 
Fig 3.2: Optical components, including a 
Pockels ce ll, for a 200 kV hybrid vo ltage 
sensor [Novae et al 1995] 
A Pockels cell is an assembly of the crystal the electrodes and specially coated optical 
windows, wi th the crysta l being sometimes immersed in a liquid to reduce the 
piezoelectric effect and to stabilise its temperature. The input characteris tics of the cell of 
a few picofarads capacitance and more than ten gigohms resistance are better than those 
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of the great majori ty of recording instruments. As seen in Fig 3.2 a typical Pockels cell 
will be coupled by long fibre-optic links, wi th a laser at one end and an optoelectronic 
converter at the other. For a linear cell response, and to avoid its destruction, the voltage 
across the cell needs to be reduced to less than 2 kV by a special purpose capacitive 
divider, with a typical system having a rise time as low as 1 ns. The use of a Pockets cell 
provides all the characteristics required from the measuring equipment and gives ful l 
protection to the recording instruments. 
3.3 Experimental methods in detonics 
This section describes a number of the measurement techniques associated with the 
science of detonics, as used in the monitoring and control of the explosives used for high-
energy and high-current flux-compression generators or for ultrahigh magnetic-field 
production. 
Much of the technology arose during various nuclear weapons programmes, and this has 
no doubt also been responsible for the very rapid advances made in fl ux-compressor 
technology. Although the design of small devices is straightforward, considerably more 
complexity is necessary fo r larger and more advanced w1its to provide a particular 
waveform of load current or vo ltage or a high chemical-to-electromagnetic energy 
conversion efficiency. To obtain design data from tests, it is necessary to measure and 
control all the parameters of the generator dynamics. Some of these are related directly to 
the explosive (as in the detonation front velocity) while others (much more difficult to 
measure) are related to the corresponding acceleration of the generator conductors and 
insulators. Not only are their bulk velocities required, but also information of such 
quantities as the time-changing geometry, the surface condition and the temperatures at 
various locations is often sought. 
3.3.1 High-speed photography 
High-speed photography is the most comm only used method of obtaining experimental 
information on the dynamics of the armature of a flux-compression generator. From the 
data obtained it is possible to determine the detonation velocity, the chemical energy 
released, the uniformity of the moving surfaces and much else besides. 
Rotating cameras and electronic image converter cameras are both used, housed in 
specially built laboratories (bunkers) with optical portholes enabling the process to be 
observed through the thick walls. Telescopic lenses are normally provided to enable the 
camera to focus on the experimental device which may be several tens of metres distant. 
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The core of the rotating camera is a rotating mirror, which can run at hundreds of 
thousands of rotations per minute. It can be used in the frame mode (in excess of one 
hundred frames), with frame rates up to some mi ll ions of frames per second, or tbe streak 
mode with writing speeds of between 1 0 and 20 mm!JlS. 
Although much higher speeds can be obtained with electronic image converter cameras, 
Fig 3.3: Exploding cylindrical annature for a 
helical flux compression generator photographed 
with an IMICON camera. Two argon gas light 
flashes were used for proper illumination 
this is not unusually necessary in 
detonics. The advantage of using such 
cameras (shown being al igned in Fig 
4.23 section 4.6), li es in the greater 
detai l that can be captured (a larger 
image plane) and the much greater light 
sensitivity, which permits a 
magnification of the object being 
photographed. A drawback is the much 
reduced number of frames obtained. as 
is evident in the photographs of Fig 3.3. 
Light flashes are often necessary, and 
these can be made by simply detonating a smal l charge of plastic explosive inside a 
cardboard cylinder, with an inner aluminium wrapping and filled with argon gas. The 
shock wave produced by the explosive excites the argon atoms, giving a high intensity 
flash with a duration that depends on the distance the shockwave travels through the gas. 
Synchronisation between firing the main charge of the object studied, the flash and the 
camera operation can be achieved using high-precision detonators or s imply detonating 
cords. 
3.3.2 Interferometry 
Interferometry is a very complex and costly technique that provides complete data on the 
hydrodynamic fl ash processes of an accelerating armature. It can be either a laser-based 
Fabry-Perot interferometer or a system based on a Michelson interferometer and using 
diffuse surface interferometry (the so-called VISAR system). This latter device has a 
time resolution of 1 ns, and the capability to determine surface motions for any kind of 
surface, even those that are bigWy tilted. 
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Hydrodynamic data obtained from separate armature experiments m the absence of 
magnetic fields is insufficient for the design and optimisation of either high-energy and 
high-current flux-compression generators, or cascaded ultrahigh magnetic field 
generators, since the very high magnetic fields developed alter dramatically the shape of 
the accelerated conductors. Although 2-
dimensional hydrodynamic codes can 
provide an estimate of what is occurring 
inside the generators, the best 
information is undoubtedly obtained 
directly from flash radiography. Fig 
3.4(a) shows a tangential x-ray still of a 
thin copper-foil cylinder used in a 
compression experiment. Instabilities 
developing as the cylindrical foil is 
imploded by electromagnetic forces are 
Foil position Foil position 
a b 
Fig 3.4: Tangential X-ray of an imploding 
copper cylindrical foil (a) still; (b) dynamic 
clearly seen in the dynamic result of Fig 3.4(b). [Miller et a l 1965] 
For simple, small devices a small x-ray source (such as a SCANRA Y CADEX-200kV x-
ray generator) can be used in conjunction with an IMACON camera and a supplementary 
electronic intensifier. For the high-energy sources used at the laboratories undertaking 
research in nuclear weapons hydrodynamics, large high-energy (20-50 MeV) electron 
accelerators have been constructed as powerful pulsed high-energy radiographic 
machines. Such sources generate hundreds of rads at a distance of I m, with a pulse 
duration of some tens of ns and a I mm diameter spot size. 
3.3.3 Methods for velocity and acceleration measurement 
Almost all research laboratories have developed their own approaches to the 
measurement of the detonation velocity and the armature movement of a generator, and 
only the most common methods are presented below. Other methods using devices such 
as phase transjtion probes, displacement capacitors and electromagnetic velocity gauges 
are more difficult to use and are restricted to specialised applications. 
3.3.3.1 Pin contact method 
Although a long-standing technique, the pm method remains the simplest and most 
frequently used method of measuring precisely both armature movement and detonation 
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velocity. The principle is straightforward , with the arrival of a shock wave making a 
contact and generating a small voltage pulse by a capacitor discharge. 
The four basic types of pin illustrated in Fig 3.5 can be identified from the many 
descriptions that have appeared in the literature. Fig 3.5(a) shows the simplest of these. It 
consists of a number of thin wires, each of which is in a circuit containing a small 
capacitor charged to some tens of volts, with the c ircuit being closed by contact with the 
expanding armature. The wires can be either positively or negatively charged, and can be 
identified (for example) by the shape of the discharge pulse recorded on a raster 
oscilloscope. For the detailed modelling of spherical implosions, as many as 500 wires 
were used in a dome arrangement with 50 raster oscilloscopes, and the accuracy of 
positioning was within a few microns. 
Hoving armature 
rzz gzzHI• 
Vatuum 
+ + -
(a) (b) 
Coaxial 
Cable 
(c) 
lion 
(d) 
Fig 3.5: Pin contact method for velocity measurement: (a) basic arrangement; (b) 
coaxia l arrangement with gas chamber and insulated cap; (c) coaxial arrangement 
without cap; (d) use of piezo- or ferroelectric pins 
The second type of pin, shown in Fig 3.5(b) is similar but slightly more complex. 
Because not a ll armature monitoring can be performed in evacuated chambers, the strong 
ionisation shockwave that precedes the expanding armature causes the pin to be shorted 
prematurely. The solutions to this problem involves the use of specia l gas chambers, 
anodised pins or a self-shorting arrangement, in which the pins have a coaxial electrode 
structure with a cap insulated from the central electrode by (say) Mylar tape. Such pins 
are also useful when, for example, an accelerated non-metallic object such as a generator 
insulator has to be monitored. 
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The third type of pin, shown in Fig 3.5(c), is similar to that of Fig 3.5(b) but without the 
cap and insulator, with a fully ionised detonation wave being sufficient to short the 
electrodes. The final type of pin, shown in Fig 3.5(d) uses pins made from piezo or 
ferroe lectric materials or plastic tape, all of which produce a small voltage when shocked. 
This effect is usefuJ in a number of special situations, such as to provide a trigger pulse 
when small amplitude waves are being monitored. As an alternative to recording the pin 
output on a raster oscilloscope, its arrival time can be measured using an e lectronic 
counter or a specially built and costly multichannel time measurement system. 
The optical pin provides the most recent technique. Small-diameter optical fibres are 
illuminated by a laser, with the output light monitored by either a photomultiplier tube or 
a fast PtN photodiode. The loss 
of the light signal accurately 
determines the time and position 
at which each fibre is broken by 
the expanding armature. This 
r;r ( 
~~/I r~ 
I I ( 
technique is particularly usef-ul in 1•1 
difficult situations (such as very 
high-current generators) which 
prevent the use of an electric pin. 
A version of the optical pin 
which uses light from ionised 
microspheres fi lled with argon tbl 
gas (ie a microflash) attached to 
the end of a fibre is used to 
measure detonation arrival times. 
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3.3.3.2 Oetotachograpb method 
The pin method gives only arrival 
times, from which the average 
velocity between two pins can be 
obtained. Continuous monitoring 
of the acceleration can however 
be achieved by the so-called 
detotachograph method. 
Fig 3.6: Detotachograph probes: (a) and (b) different 
probe arrangements; (c) typical output signal from a 
type b probe 
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There are two types of such transducers, both using a technique in which a high-
resistance wi re of known value and length, and carrying a constant current, is shorted by 
the shockwave, with the resulting fall in voltage being proportional to the velocity. mal l 
changes in the velocity can be observed more easily by imputing the probe output voltage 
profil e together with a sawtooth waveform into a differential amplifier. Velocity 
variations can be enhanced by a factor of up to a hundred at the amplifier output. 
Fig 3.6(a) shows the first type of detotachograph probe, which has the wire implanted 
into an explosive charge within an earthed metallic cylinder, and uses the highl y ionised 
detonation-front to short-circuit the probe and so provide a voltage output. The second 
type uses an insulated conductor contained within a small diameter th in metal tube, as 
shown in Fig 3.6(b). This tube is deformed by the shockwave, with the point of contact 
made between the tube and the conductor moving at the same speed as the shockwave. 
The probe can measure the velocity of a shockwave travelling through any kind of 
material in contact with the probe, even when it changes direction. A typica l result has 
the lo rm shown in Fig 3.6(c). 
3.3.4 Pressure and temperature measurement 
Although many forms of pressure gauges are 
avai lable, the most common techniques for shockwave 
measurements use either quartz for low pressures (up 
to several GPa) or manganin for higher pressures. This 
latter approach uses the change in resistance of a very 
small diameter (tens of microns) wire embedded (for 
example) in an epoxy resin insulator, and needs a 
spec ial power supply similar to that used in a 
detotachograph. The photograph of Fig 3.7(a) shows a 
typical (low-cost) manganin gauge, and the output 
signal that is obtained is presented in Fig 3.7(b). 
Temperature is a difficult parameter to measure. 
Normally the spectrum of radiation is recorded using a 
spectroscope and an optical multichannel analyser 
with an intensified target detector. For nontransparent 
probes, such as a metallic conductor, the temperature 
can be measured by placing it in close contact with a 
(a) 
50 k bar 
L 
(b) 
Fig 3.7: Manganin pressure gauge: 
(a) Typical unit used to monitor the 
pressure waves through a mult iple-
layered Plexiglas copper sandwich 
attenuator by type I I I pla in-wave 
explosive generator (not shown); 
(b) recorded pressure profile 
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material such as A I20 3. This retains its transparency under shock and provides a near 
match in shock impedance, and enables the interface temperature to be measured. 
3.3.5 Explosive cord delays 
Explosive cords generally consist of metal, plastic or fabric tubes filled with high 
explosive usually DETN or RDS. They have both civil and military applications, and can 
be used as delays in explosive devices, for instance to trigger explosive switches between 
stages in flux compressor conditioning circuits. Repeatable delays of I 00 ~s or so can be 
obtained with a precision of a fraction of a microsecond. 
3.3.6 Detonation wave shaping 
Flux compressors are built with a number of different geometries (cylindrical, planar, 
etc) and for each of these a special explosive device is needed to produce the detonation 
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F ig 3.8: Detonation wave-shaping techniques: (a) line-
wave generators; (b) plane-wave generators (c) 
cylindrica l implos ion. Type I : accelerated liner; 
Type 11 : interrupter; Type I 11 : explosive lenses 
wave shape that accelerates the 
armature into its final geometry. 
The required shape of the 
detonation wave can be obtained 
in several ways. A distribution of 
precisely exploding bridgewire 
detonators is one possibility, but 
this technique is both expensive 
and difficult to use in the presence 
of the high currents, voltage and 
electromagnetic noise experi enced 
with a flux compressor. A more 
practical solution is to use a single 
detonator together with a number 
of explosive wave generators, 
producing line, plane, cylindrical 
or even spherical wave shapes. To 
arrive simultaneously at the 
necessary shape, the construction 
of such generators involves either the use of accelerating metal plates to initiate the main 
charge (type I), the insertion of interrupter (air holes) in the path of the detonation wave 
(type H) or explosive lenses made from a combination of slow and fast explosives (type 
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lli). A range of typical examples is shown in Fig 3.8. A more recently used method of 
generating any desired wave shape employs the array of exploding-fo il-mesh-initiated 
surface detonators as shown in Fig 3.9 with mesh densities as high as 3 x 105 m·2. 
Surface areas of explosive up to 0. 75 m2 have been successfully initiated in this manner. 
[ Moore et al 19881 
3.3.7 The explosive pulsed-power laboratory 
As described prev iously, experiments with flux compressors require both a laboratory in 
which the explosive charge can be 
detonated and a means for 
providing the initial priming 
current. The output load may 
sometimes need to be protected 
from the effects of the explosion. 
In practice. a laboratory wi ll 
require three main elements. One 
of these is the firing site which is 
bridge 
wir~ sections 
Fig 3.9: Typica l mesh array used for explosive initiation 
normally outdoors and comprises a 
firing table (up to several tens of kilograms of TNT equivalent may be involved) sited in 
close proximity to the laboratory buiJdjngs. For larger exp losive charges (up to several 
hundreds of ki logramas of TNT equivalent) the firing site is normally remote from the 
bui ldings. Occasionally the very costly alternative of a large bomb chamber, a sphere up 
to 1 0.5 m in diameter and weighing more than 105 kg, is used for charges equivalent to 
up to 40 kg of TNT. 
The second e lement is the initial energy source, whjch is normally a capacitor bank and 
may need to store up to l MJ. All the control functions are transmitted through either 
fibre-optic cab les or pneumatic systems. The third element is normally termed the bunker 
and since this contains the control room with its data recording and diagnostic 
equipment, it needs to be located as near as possible to the firing site. A workshop and 
provision for the storage and assembly of explosive charges complete the minimum 
laboratory requirements. 
The ideal laboratory arrangement of Fig 3.10 will have further buildings to accommodate 
an x-ray machine and the load, such as a powerful laser and electromagnetic gun or a 
large plasma device. This latter situation may require electrical connections to the frring 
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site, using possibly hundreds of coaxial cables or a large parallel-plate transmission line 
directly, or via a transformer. to the 
load. 
The hi story of a complex ftring 
experiment can be divided into a 
number of phases, with durations 
decreasing by orders of magnitude from 
months to nanoseconds as the programm 
proceeds. Design and manufacture of 
the component parts may take up to one 
year, following which a few days are 
required for the flux compression 
generator and its output circuits 
(conditioning, load, etc) to be 
assembled. After positioning the 
generator on the firing table, the 
instrumentation for the experiment is 
connected and a ll other connections are 
made. All the instrument and 
oscilloscope settings and connections 
FlrlAg point 
up to 
1000kgTNT 
Capacitor 
8ankl 
Fig 3.10: An ideal high-energy flux-compression 
laboratory arrangement 
are checked and rechecked in a series of tests with no explosives, performed in 
accordance with an established experimental protocol. These may even include 
discharge of the main capacitor bank. Once they are complete, the initial conditions 
(vacuum, gas pressure, voltages, etc) for the explosive test are set and the experiment can 
proceed. Once the start button is pressed all control is lost, except for some independent 
electronic fast-delay units. The flux compressor generates an output pulse in perhaps tens 
of microseconds, with the output circuits conditioning this for the load in a matter of 
nanoseconds in some applications. All that eventually remains after a long and costly 
experimental programme, apart from the debris, is a collection of photographs and 
oscilloscope records! 
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3.4 ourccs of information 
( I) For electromagnetic measurement, The International Megagauss and JEEE 
Pulsed Power conferences referred to in section 2.3 contain many relevant 
papers. 
(2) For x-ray and optical measurements, see [Mi ller et al 1965] [Novae et al 1995) 
(3) For hydrodynamic measurements see for example [Graham et a l 1978] 
(4) For detonic measurements refer to lJohannson et a l 1970 1994] 
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CHAPTER4 
PUL EO POWER FACILITIES AND MEA UREMENT TECHNIQUE 
This chapter presents details of the pulsed power facilities and the basic measurement 
techniques assembled for the studies described later in this thesis. They include the 
capacitor banks used during explosive experimentation on the fuing range and in the 
laboratory at the University, together with their associated operationa l equipment, 
crowbarring devices and safety arrangements. The vo ltage and current sensors and 
calibration procedures needed to obtain a clear and accurate interpretation of the 
experimental results are presented and di scussed, and a 2-stage vacuum rig and chamber 
with a low-inductance high-current input feed-through connection for plasma switching 
experimentation is described. Arrangements were made for the occasional use of a high-
speed lmicon camera for photographic studies. 
4.1. Mobile pulsed-power facility 
A capacitor bank providing up to 200 kJ of stored energy at 40 kV was assembled inside 
Fig. 4.1: MPPF on its transporter 
4.1.1. Capacitor bank design details 
a 5 m long steel container, equipped with 
heating, lighting and electrical supplies 
to fu ll laboratory standards Together 
with a smaller and similarly equipped 
container that housed the control, 
operating and recording equipment, this 
provided a complete mobile pulsed 
power facility (MPPF) fo r deployment at 
any suitable firing range. Fig 4 . 1 shows 
the MPPF being secured on a transporter. 
The bank consists of eight 30 J..lF capacitors, each of approximately 190 J..lH internal 
inductance, mounted vertically in two parallel lines of four. Connections to a wide and 
rigid aluminium strip transmission line positioned above the capacitors complete a robust 
and compact unit. The discharge current is fed to a firing bunker 25 m away, by up to 24 
high-vo ltage coaxial cables connected in parallel, A series resistive-capacitive circuit 
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with a low resistance and short time constant, is connected across the end of the cables, to 
avoid any serio us mismatch that may cause excessive voltage spikes across the lines 
when feeding into a high impedance load. 
4.1.2. The start switch 
A versatile dry-air pressurised 3-electrode spark-gap 
switch (termed the start switch) is used to initi.ate the 
capacitor discharge. The swi tch has an inductance of 
18 nH, and it can be operated at vo ltages of between 
12 and 60 kV. An automatic flush of high-pressure 
air occurs after every discharge, removing the 
switching products and allowing the switch to pass 
currents of up to 600 kA many times, with only 
occasional maintenance. F ig 4.2 illustrates the 
annular cross-section and connections of the switch. 
The output pulse from a high vo ltage thyratron 
circui t, triggered from a standard pulse generator, 
provided the necessary trigger signal to the central 
trigger electrode of the switch. 
4.1.3. Bank protection 
Trigger 
clectro.~ 
t!kctrode 
Fig. 4.2: Start switch 
An automatic crowbar (explained later) and an inductance that can be bypassed for very 
high-current work are inserted between the output of the bank and the cables leading to 
Sran switch 
Fig. 4.3: Schematic circuit diagram of the 
capacitor bank components Fig 4.4: Bank protection components: 
the experiment. These serve to protect the bank from both excessive current and high 
voltage reversals, due to short-circuits occurring beyond the output cable connectors. Such 
unplanned events are likely of course to occur in the all-weather environment of a firing range. 
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Fig 4 .3 is a schematic circuit diagram of the capacitor bank components, and Fig 4.4 
shows the protective components arranged above the bank. 
Low-inductance fuses are inserted between each capacitor terminal and its connection to 
the main overhead strip-line. A series o f experiments was conducted to determine a 
suitable copper fuse that would allow the working current to pass without damage, but 
that would fuse at about five times this value. The fina l design consisted o f a 25 11m 
thick, 12 cm long and 8 cm wide foil, mounted in a cassette with silicon beads packed 
around with glass-fibre matting. The packing inhibits any voltage restrike across the fuse 
and completely absorbs and conta ins the fuse explosive energy; refurbishment needs only 
Fig 4.5: capacitor fuse 
arrangement; B-fuse 
cassette, A-strip line 
connections 
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Fig 4.6: Capacitor discharge current cutting 
action with a fuse: (a) without a fuse 
(b) with a fuse. 
replacement of the fuse. Fig 4.5 shows the fuse cassette, mounted between current return 
lines on either side to balance the forces on the foil. Mylar sheets on each s ide of the 
cassette provide insulation between the lines. Each fuse arrangement is housed in a sturdy 
and compact container. The performance of the fuse as an open-circuiting device is 
illustrated in Fig 4.6. Fig 4.6 (a) shows the 290 kA maximum output current waveform 
from a capacitor discharge circuit and Fig 4.6 (b) is the same circwt with a fuse inserted. 
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4.1.4. The charging and dumping system 
A high-voltage supply using switch-mode techniques and capable of providing an output 
at up to 6 kJ/s is used to charge the capacitors. This circui.t has the advantages of accurate 
pre-setting of the voltage by the operator and minimum delay in attaining it, both of 
which are of particular benefit on a flring range. 
Perspex tubes, fi lled with deionized water doped with copper sulphate, and with large 
area copper electrodes at each end, are used both as a charging resistance of around 
25 kQ , to protect the charger from excessive initial short-circuit currents and 
unintentional large voltage reversals, and as low resistance energy dumps for the bank. 
4.1.5. The safety system 
Personnel safety is ensured by a pneumatic interlock fail-safe system. Pneumatic switches 
capable of holding off 40 kY, and operated from the bank control equ ipment, prevent 
charging of the bank when personnel are within the capacitor bank enclosure. 
4.1.6. Control cabin 
Throughout the test program, the control cabin was positioned some 25 m from the 
capacitor bank. The cabin contains the electrical mains distribution equipment for the two 
containers, controls for charging the bank and firing the explosive detonators, and 
recording equipment. This includes storage oscilloscopes and pen recorders, as well as 
the pulse delay generators needed to provide the various triggering pulses in the correct 
timing sequence Power is provided via an isolating transformer and a number of mains 
fi lter circuits to reduce any pick-up of spurious signals. 
The trigger for initiating the firing sequence is obtained from a pick-up coil l.ocated in a 
tunnel in the main capacitor bank transmission line, to ensure that if the start switch 
flashes over before the firing button is pressed no results are lost. Optical isolators at a 
number of triggering points prevent large switching transients from interfering with the 
triggering sequence. 
4.2. Recording cables and earthing arrangements on the firing range 
A large underground earthing mat beneath the range storage and explosive magazine 
buildings, and situated some 5 m from the cabin, provides a good single earth connection 
to the MPPF via thick copper bars. Good quality 1.27 cm diameter 50 n impedance 
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coaxial cables convey the sensed waveforms from the explosive device to a junction box 
at the earth point, then back to a termination box attached to the cabin. Short coaxial fl y 
leads pass the signals to a internal distribution board for connection to the oscilloscopes. 
Spark gaps with breakdown voltages of 2 kV are connected across each cable in the 
termination box, to prevent any excessive voltage pulses from finding their way into the 
record ing circui ts. Additional large-pulse arresters connected across the oscilloscope 
inputs provide protection fo r the amplifiers. 
4.3. Crowbarring 
Crowbarring or clamping is a short-circuiting technique that isolates a current source, 
thereby trapping energy in the load ci rcuit. It is usually introduced when the current is at 
a maximum and when the source is a capacitor bank that is required to provide a 
unidirectional load current A crowbar also protects the capacitors from the large reverse 
voltages that would otherwise reduce their working life. A schematic diagram of a 
discharge circuit with a crowbar is shown in fig 4 .7. 
Two crowbarring designs are used, o ne 
operated automatically by an explod ing 
foil and the other based on a detonator 
and triggering circuit. Both designs 
provide a short circuit, by punching 
through and sevenng the Mylar 
insulation (typicall y 4 sheets 125 !Jm 
thi ck) between a strip-line. The 
resistance introduced by the crowbars 
Flux probe 
Fig. 4. 7: Schematic diagram of a typical 
discharge circuit with a crowbar; A-bank, 
B-feeder, inductances 
was estimated from capacitor discharge waveforms as about 1 mQ. 
The crowbarring topologies are also easily adapted to act as closing switches in high 
current circuits. 
4.3.1. Automatic crowbar switch 
Ln this design, the expJosive forces that sever the insulation are provided at a number 
(determined by the fus ing current) of fuse sites (termed bridges) distributed evenly in 
parallel across, and connected in series with one of the 250 )Jm thick copper strip-line 
conductors at the switching location. Brass plates at the top and bottom of the switch 
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complete the crowbarring assembly. The l cm long, 0 .5 cm wide bridges are formed by 
etching them across a I 00 f..!m tllick 6 cm long aluminium foil, the same width as the line. 
and removing the unwanted areas. The automatic crowbar operates satisfactorily for 
discharge waveforms with quarter periods up to about 20 f..!S For longer periods, the 
sharp impulsive intensity of the explosion progressively weakens, with a consequent 
reduction in the switclling performance. Fig 4.8 shows an expanded schematic view of the 
component parts of the fuse sandwich. The foil bridges are also shown seen in Fig 4.4. 
When the fuse bridges explode they 
drive the interleaved aluminium foi l, seen 
connected to the load side of the switch 
in Fig 4.8, onto the edge of a groove 
machjned across the bottom thick brass 
plate (termed the anvil) connected in the 
return line, and so form a low-resistance 
(less than 1 mn) metal-to-metal contact 
between the lines. The whole assembly is 
compressed with a clamp or weight as 
shown. 
4.3.2. Detonator crowbar switch 
Fig 4.8: Expanded schematic diagram 
of automatic crowbar switch 
This switch, which can be triggered at any chosen time was usually used for waveforms 
with quarter periods longer than 20 f..!S. Fig 4.9 is an expanded schematic drawing of the 
arrangement of the switch component parts, and Fig 4 .\0 shows the switch connected in a 
20 cm wide strip line, prior to inserting the insulation and detonators. 
Detonators (typical ly two), are mounted in balsawood plugs, set firmly in holes in a plate 
connected in the earth return line (cold line) . They provide the large impulsive forces 
needed to drive a thick alumiruum plate connected to the load side of the switch, together 
with the lower main insulating sheets, onto replaceable machined knife edges attached to 
the anvil, to provide a metal-to-metal connection. The switch assembly is held together 
with clamps. To avoid e lectrical connection with the plate, the detonators are set back by 
approximately 3 mm from tbe end of the balsa plugs. The load current waveforms shown 
in Fig 4. 11 , obtained from the typical di scharge circuit of Fig 4.7, both without (a), and 
with (b), a crowbar illustrate the crowbarring action. 
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Fig. 4. 11 : Crowbarring of a capacitor d ischarge 
circuit load current; (a) without. (b) with, 
c rowbarring close to the maximum current 
4.4. The laboratory capacitor bank 
Fig 4. 9: Expanded schematic diagram of the 
detonator crowbar switch 
Fig 4.10: View of detonator crowbar switch 
A very low-inductance capacitor bank capable of storing 135 kJ at 30 k V and del ivering 2 
MA into a low inductance load was assembled in the laboratory, to satisfy all the 
demands envisaged in the laboratory-based experiments The 27 )..lf coffin-shaped 
capacitors contain a number of parallel-connected low-inductance individual capacitors. 
These are immersed in caster oil in a number of compartments along the length of the 
capacitors, with each compartment having several small stud output terminals to connect 
to a high-voltage strip-line; the low voltage terminals are connected to the metal coffin 
case. A low-inductance connection between the capacitor compartments is provided by a 
0.25 m wide closely spaced strip-line along the top of the capacitors, with the hot line 
connected to the stud terminals and the return li ne to the case. 
Two parall el lines of five capacitors are mounted vertically on thj ck PVC covered marine 
plywood supported by concrete blocks, Short strip-line connections are made to the main 
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250 11m thick 0.6 m wide copper transmission lines which pass between them. The 
closely spaced lines are insulated with sheets of Mylar. A spongy rubber sheet positioned 
over the line with plywood and concrete slabs on top is used to inhibit any movement 
produced by the electromagnetic forces. This arrangement has an inductance of less than 
I 0 nll for each capacitor and its connections, and a total inductance for the bank of ten 
capacitors of a few nanoheruys. Together with a low inductance start switch (described 
later) which can operate between 6 and 30 kV, this satis fi es the high current specifi cation. 
A 40 kV short-term rated transformer with 
output rectifier and variac control provides 
the negative capacitor charging voltage. 
Personnel safety is ensured by a fail-safe 
pneumatically operated dumping and 
charging water resistor system, and a 
labo ratory door lock that prevents charging 
of the bank until the door is closed. Fig 
4. 12 shows the completed bank. 
Earthing is provided by a thick copper 
strip attached to the laboratory walls and 
terminated at the local mains supply earth. 
The bank controls and record ing 
equipment are located in a small room Fig 4.12: The laboratory capacitor bank 
adjacent to the laboratory. High quality 50 Q impedance coaxial recording cables are fed 
into the laboratory through an overhead aluminium pipe, and connected to terminal 
boards. Coaxial fly leads are used for the connections at either end. 
4.4.1. The multichannel solid dielectric start switch 
4.4.1.1. The switch cassette 
The high-voltage output line of the capacitor bank is connected to the upper jaw of a 
0.6 m wide brass start switch cassette, with the bottom jaw insulated from it and 
connected via an automatic crowbar switch (which can be shorted out if required), to the 
load circuit. The jaws open to receive a replaceable switch sandwich, and they are closed 
over it and firmly weighted together when the bank is fired. A slot 1 mm deep and 2 cm 
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wide is milled along the cassette 
faces, giving add itional control of the 
breakdown of the switch, and 
connecting holes leading to a rear 
cavity provide an exhaust route for the 
pressure and debris produced. Fig 4.1 3 
shows the switch cassette with the 
Jaws open. Fig 4.13: The start switch cassette 
4.4.1.2. Tbe disposable sandwich and switching action 
The action of the switch relies on maintaining the enhancement of the electric field that 
occurs at the sharp edges of a 5 f.lm thick aluminium trigger strap, wruch tapers from 
0.0 I 5 to 0.002 m over its 0.8 m length. The tri gger is sandwiched between 15 cm wide 
175 11m thi ck upper and 75 11m lower Mylar sheets, whose inner surfaces are oi led to 
exclude air and so lessen the corona effects that would otherwise degrade the enhanced 
electric fi eld. The Mylar overlaps the length of the switch cassette to provide insulation 
between the cassette j aws. A luminium 
contact e lectrodes 50 11rn thjck and 5 
cm wide are lightly attached by a thin 
layer of oil to the outer surfaces of the 
sandwich, with blotting or masking 
paper surround limiting enhancement 
of the electric field at the sharp 
electrode edges. This technique reduces 
the likelihood of corona leading to 
Fig 4.14: The disposable start switch sandwich breakdown across the surface 0 f the 
insulation between thin strip-line conductors. Fig 4. 14 shows; (A) the switch sandwich 
with the top insulator and electrode removed, together with (B) a completely assembled 
unjt and (C) a unit recovered after a discharge showing the multichannel nature of the 
switching action. 
The DC potential of the trigger is set by a potentiometer connected to the hot line of the 
bank, with the vo ltage level determined such that the dielectric sheets are equally stressed 
in the static condition. 
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The switch is triggered (refer to Figs 4.13 and 4. 14), by injecting a sharp rising (ns) pulse 
of about 30 kV into the increasing impedance transmission line formed by the tapered 
strap and its adjacent electrode. As the leading edge of the pulse propagates along the 
switch it produces an enhanced field at the edges of the strap, with a consequent initiation 
of breakdown channels in the upper thick Mylar sheet (see comment on trigger potential 
below), the switching time being of the order of 1 ns. Because ofthe finite resistive phase 
time of the switch channel, aided by the increasing impedance, the pu lse front is able to 
continue to travel along the switch sandwich, with only a s light reduction in its 
amplitude, with its trailing edge being eroded by each insulation breakdown. At each 
breakdown channel , as the trigger electrode is connected to the main electrode of the 
upper thick Mylar sheet, overvolting of the thinner sheet occurs, with subsequent rupture. 
The energy carried by these ruptures is sufficient to initiate intense shock waves which, in 
turn, enhance the original brea kdown channels in the thick Mylar. 
The thin aluminium e lectrodes, with a I mm deep 2 cm wide air gap above, serve to 
broaden the channel current, thereby producing a more uniform current and little 
electrode damage at the brass groove edges. In the later switching phase, when the 
resistance of vapori zing aluminium is introduced as the conducting channels develop into 
main current carriers, adjacent underdeveloped ones are assisted to become main carriers 
by a preference of the current to flow in their lower resistance paths. 
Since breakdown in plastics occurs more readily when they are stressed in the positive 
direction, and the capaci tor bank is negatively charged, a positive trigger pulse that takes 
the trigger strap potential away from that of the electrode backing the thkker Mylar is 
needed to satisfy the switching conditio ns 
The arrangements described above provides a fast, high current (MA), low inductance 
(nH) switch, with as many as 30 main current channels distributed along the 0.8 m length 
and occurring with a high degree of simultaneity. 
4.4.1.3. Start switch triggering generator 
The switch triggering pul se is generated by a 0.8 m long 0.2 m wide low impedance strip-
line in a Blumlein configuration [J H Crouch et al 1972]. When charged to -30kV and 
triggered, this provides an 8 ns wide positive-going 30 kV output pulse into a matching 
load. Over voltages of approx imately 45 kV occur however when connecting to the 
switch, due to the mjsmatch of the Blurnlein to the higher impedance of the start switch 
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sandwich. Fig 4 .15 is an expanded diagram of the Blumlein with a simple solid dielectric 
triggering switch sandwich (described below in Section 4.5.2), awaiting insertion to make 
close contact with the copper 
lines when the open mouth seen 
in the figure is closed over it. A 
fast small-capacity discharge 
circuit with a surface start switch 
(see next section), followed by a 
pulse transfonner, provides the 
triggering pulse for the switch. 
A variac controlled - 30 kV voltage 
multiplying circuit [Craggs & 
Meek 1954], and an 8 kV spark 
gap with a triggering circuit [R J 
Rout 1969] shown in Fig 4.16 and 
Fig 4. 17, were constructed to 
Lwe 
swnch 
Lme connection 
,.J / 2 X 30 C'lll 
......... ...- Mylar 125tnll 
To stan s"~tch 
trigger 
............. //]X 30 Wl 
....... h~l'lllr shcc1~ 
Mylar sheets 
2 X J]j tflll 
\\ ... To bank earth 
Copper inserts (shims) 3.8cm square- 2501-!m 
Fig. 4.15: Expanded isometric diagram of the Blumlcin 
complete the start switch components. Fig 4.18 is a schematic diagram of the start switch 
circuit arrangement. 
Input from variac 
0 - 240Y 
cl 
Fig. 4.16: Circuit diagram of voltage multiplier 
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l l switch 
+300V rrigger system 1 1J,~V6 Trigatron ~I .---------; 500pf' l 16kV l I 
-=- 470~tf 
Fig 4.17: The 8kV pulse generator circuit diagram 
2 tumsof lcm wide 
12.5 J.!m copper foil 
on a 12 cm diameter 
plastic former 
25 turns of wire 
wound over the 
primary winding 
-1 2 to 30 kV 
Fig. 4.18: Schematic diagram of the start switch circuit arrangement 
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4.5 Simple fast trigger switches 
In situations where fast triggered switcl1ing is needed, but multichanneling is not 
essential simplified and easily constructed versions of the solid dielectric and surface 
switches are used. In similar circumstances, but where an untriggered switch will suffice, 
a simple nail switch is used. 
4.5.1. Triggered surface switch 
A line diagram of a multichannel surface switch is shown in Fig 4.19. The gap in the 
copper line holds off the switch potential , and is made to arc across in many channels 
Copper 
uigger 
electrode 
Copper swi1ch clcclrodcs 
Melincx insulation 
Fig. 4.19: Surface switch 
with nanosecond simultaneity. The 
gap edges are formed by curved 
electrodes, which ensure that a firm 
and uniform contact is made with the 
Mylar line insulation. The switch is 
triggered by applying a fast ris ing 
pul se, of equal value but opposite in 
polarity to the switch potential, to a 
long thin metal strip laid between a 
Mylar sandwich, and placed 
immediately below and parallel to the 
gap. The gap has an inductance of a 
few microhenrys and has been shown 
to be very effective and re liable for 
voltages up to 10 kV. Fig 4.20 is a filmed 
sequence taken with a framing camera 
(0. 136 ).lS frame interval) of the 
breakdown across a 0.66 m wide 
switch, taken at about the 1.2 MA 
Fig. 4.20: Film sequence of a surface switch 
peak value of a discharge current 
wavefonn [Miller & Stewardson 1965]. The plan view shows multichannel arcs and the 
end view obtained via a mirror, illustrates their small "lift-off" from the insulator surface. 
Simple narrow versions of the switch with flat electrodes were used for fast circuit 
triggering. 
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4.5.2. Triggered single channel solid dielectric switch 
A simplified version of the multichannel solid die lectric disposable sandwich described 
earlier was used to switch voltages of up to 30 kV. A drawing of the switch sandwich is 
shown in Fig 4.2 1. The switch is arranged as a thin strip-line (see Fig 4.15), with the 
switch sandwich inserted between its insulating sheets. When the sandwich is triggered, it 
15cm 
~- --- ---- - - - - - - - - -
·-:. .. _ 
... / ·----··-·--. 
. -,. --.-.--.-.---------! 
I 
I 
I 
Aluminium trigger 
/ 
2mm 
90mm 
Mylar 
Fig 4.21: Solid d ielectric switch sandwich 
connects the line conductors together. The 
sandwich consists of a short tapered 5 f.l m 
thick trigger strap oiled between two sheets 
of 15 cm square Mylar (typically 75 f.lm 
thick). Small coincident cut-outs in the top 
and bottom line insulation, with copper 
inserts, bring the plates into contact with 
the switch sandwich over a small area at 
the sharp end of the trigger taper. The DC 
trigger voltage is set so that, when the 
vo ltage is app lied ac ross the switch 
s trip-line, the Mylar sheets are equally 
stressed at close to the breakdown electric 
field over their small area of contact with 
the line. The switch is triggered by 
application of a sharp pulse to the trigger 
electrode. The puJ se appearing at the end of 
a 5 m long cable, charged to one half the 
switch ho ld-off potential and di scharged by 
a ball-gap is sufficient to operate it. 
Fig 4.22: Switch sandwich breakdown damage Masking tape at the edges of the copper 
inserts, and strips of polythene faced Mylar 
covering a ll but a centimetre length at the narrow end of the tapered trigger e lectrode, are 
ironed on to both outer surfaces of the switch sandwich. These prevent long premature 
arcs forming between the enhanced electric fields at the sharp edges of the trigger strap 
and copper inserts. Fig 4.22 shows the breakdown damage caused at the trigger edge, 
close to its narrow end 
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4.5.3. Nail switch 
This very simple switch consists of a sharp steel nail driven through the insulation of a 
strip line. A circular plastic plug, with a sliding tit hole for a 1 mm diameter nail drilled 
axially through it, ensures that the nail is positioned vertically above one of the lines.The 
point protrudes through a tiny hole in the top line to rest lightly on the Mylar insulation. 
When the nail is in pos ition, a rigid plastic pipe approximately 60 cm long, with an inner 
diameter slightly larger than that of the plug, and a steadying co llar at the bottom, is 
positioned over the plug. The switch is operated by a steel weight secured at the top o f 
the pipe by a pin crossing beneath it. The top o f the weight is shaped so that it enters the 
core of a soleno id. When energised from the control room the pin is removed allowing 
the weight to fall on to the nail and drive it though the insulation and to make contact 
with bottom line. The switch is capable of rapidly switching (ns) currents up to many 
hundreds of ki loampes, but with the switching action accompanied by a short burst of 
high frequency switching transients. 
4.6. The vacuum rig 
A 2-stage vacuum rig capable of evacuating a large steel belljar to a pressure of 1 o·3 Pa 
was used in plasma open circuiting switch (POS) experiments. Currents of a few I 00 kA 
can be fed into the belljar though a 
CO 
... 
Cl) 
E 
CO 
(.) 
c: 
0 
-~ 
E 
Vacuum bell Viewing ports 
Vacuum pump Low-inductance connection 
Fig 4.23: Vacuum rig with Imicon camera 
r-
~ 
0 
0 
3 
1:1 g 
g 
V\ 
low-inductance connection in the 
base, that consists of a sandwich of 
disc-shaped e lectrodes and thick 
plastic insulators with o-rings 
between them. Extensions in the 
side and top, with ports a t the ir 
ends, allow high-speed camera or 
flash x-ray records of the switching 
process to be obtained. Fig 4.23 shows the rig, with an lmicon camera being aligned for a 
still picture prior to a dynamic firing. 
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4.7. Measurement and calibration techniques 
Obtaining accurate and repeatable current and vol tage measurements in high pulsed 
power experiments is a demanding task , that is only achieved by good design and carefu l 
calibration of the measuring probes and recording equipment. In situations where power 
and energy are to be measured to within 5%, individual measurements need to have an 
accuracy of better than 2%. Local earthing mats, usually via the electrical supplies 
supplemented with earthing rods, provide c ircuit earthing. Such arrangements inevi tab ly 
lead to earth loops in the measuring circuits, introducing extraneous waveforms, which 
complicate the analysis of results. purious voltages are always present but they can be 
minimised by extracting results via pick-up coils to avoid a direct connection to the 
pul sed power circuit. 
The photonic method of current measurement (discussed in section 3 .1 .4) eliminates 
these problems but was unavailable during most of the ex perimental studies . 
4.7.1. Flux probes 
4.7.1.1. General design details 
Solenoids with a small cross sectional area, often re ferred to as B probes, were used to 
sense the derivati ve of the magnetic fie ld in the majori ty of experiments They were 
positioned at points in the circuit where the magnetic field can easi ly be deduced from 
Amperes circuital law 
(4. 1) 
where B is the magnetic flux density and I is the current contained within the closed path 
of integration. Within a small diameter tunne l formed across one of the conductors o f a 
thin strip-line, with a line separation much less than its width (w), the flux density within 
the tunne l is reasonably constant over its cross sectional area at 
where I is the current in the line 
I 
B = /-1, -
w 
(4 .2) 
T he flux linkage with a B probe having N turns and a cross-sectional area A, placed 
a long the tunnel, is therefore \j/ = ANB = Jt0 AN I /w = M/ 
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where (4.3) 
is the mutual inductance between the probe and the line. 
If the maximum value of the current derivative is known, a probe can be designed to suit 
the amplitude limits of the recording system, since the induced probe vo ltage is Mi 
Simi larly, between the conductors of a coaxial I ine 
(4.4) 
where R is any radius between the two conductors. A probe of radius very much less than 
the separation between the lines, with its axis positioned circumferential ly between the 
lines at the radius R, would have a flux linkage of approximately 
(4.5) 
with a probe output voltage of 
[AN]· VP = f.lo - - I 21rR (4.6) 
The flux probes were calibrated after positioning and securing in the circuit at the start of 
a series of experiments, by temporarily reducing the complexity of the circuit so that I 
is easily calculated (see section 4.7.4), and M can be determined from V,/ i 
4.7.1.2. Attenuation and integration of the probe output signal 
( ... / 
Resistance match [ 
;='c. - -- -- ~ 
To ocilloscopc 
imp ut 
Vc 
·· .. 
·· ..... __ 
Fig. 4.24: Arrangement of attenuator and RC integrator 
The probe output ts fed to an 
oscilloscope via a 50 n coaxial 
cable, matched at its end by the 
compact combination of a simple 
attenuator and RC integrator as 
s hown in Fig 4 .24 R 1 and 
R 2 are 0 . 5 W low-inductance 
carbon-composition resistors, with 
the signal attenuation factor k = V0111 1 Vm = R2 I (R, +R2) giving a signal recorded on the 
osci lloscope of 
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or 
V= Mik 
. V 
1 = -
Mk 
(4.7) 
Tests with a fast pulse generator confirmed that, fo r values of k down to 0.05, 
compensating the attenuator for stray capacity or inductance is unnecessary, and that the 
output rise times were adequate for the study waveform profiles envisaged. 
The capacitor voltage V c in Fig 4.24 is an integrated version of the probe voltage V P 
when the time R3C is very large in comparison with its duration. Under these 
circumstances. the voltage drop across the capacitor is very small in comparison with that 
across the res istor R3 and the current flowing into the capacitor le can be regarded as Vp I 
R3 The capacitor voltage is therefore 
since V,, = Mi 
(4.8) 
For Vc to have the same profile as a sensed ramp current waveform of duration T, R3CIT 
should be >> l . For discharge waveforms of period T a time constant > 20 T should be 
used. [Millman et al 1965] 
4.7.1.3. Design considerations for the probe 
(a) The magnetic field H6 produced by the iJ probe coil opposes H, due to the current in 
the strip-line. It will therefore have an effect on the fi eld that is being measured, and this 
effect should be minimised by ensuring that Ht is at least I 00 times Hb. 
For a probe of length l P placed along a tunnel formed across a strip-line of width w 
H =Ni b 
h l 
p 
(4.9) 
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and since 
I _ Mi, h-
R,. 
(4. 1 0) 
where Rt is the characteristjc impedance of the probe output cable, which is typically 
50 n, and rb is the probe current. 
Then 
(4. 11 ) 
and since 
H _!.I_ I - (4 . 12) 
w 
it fo llows that for Hh << H, 
(4.1 3) 
(b) T he output voltage of an RC integrator (Vc) is much less than its input level (Vp). T he 
maximum input level should therefore be as large as possible, in o rder to raise the output 
voltage to well above the level of any spurious pick-up voltages. 
(c) hie lding the probe to reduce capacitive coupling may be necessary, when it ts 
positioned close to circuits subject to high voltage trans ients. 
(d) T he probe must be held securely in the c ircuit, so that its position with respect to the 
current paths remains constant. It should have a low time constant, to ensure it to record 
faithfully fast transients. 
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4.7.1.4. Typical probe design for insertion into a strip line 
Gauge of wire 40 WG 
Coi l diameter 3 x J0-3 m 
Coi l cross-sectional area 7.1 X I 0-6 m2 
Coil length 0.2 m 
Number of turns 20 
Overall probe diameter 8 X 1 0-3m 
Width of strip line 0.3 m 
Probe output resistance 50Q 
Mutual inductance 0.595 nH 
Se! f inductance 12 nH 
Time constant with 50 Q load 0 .24 ns 
The experimental ranges of 11 and i 1 were expected to be 
I , = 0. I to 8 MA 
and inserting the worst case of j , /11 = 107 s-1 into equation 3. 13 gives 
4. 7.1.5. Probe construction 
H 
-" = 3.6 10-3 << I 
H, 
Fig 4.25 shows a typical 40 cm long fl ex ible flux probe. It consists of a short length of 
coaxial cable, terminated at one end by a 
BNC plug and bared at the other to reveal 
the inner insulation. The coil is wound on 
the insulation. with one end connected to 
the cable braiding and the other returned 
via the inner conductor. A sleeve shrunk 
over the coil and connections both fixes 
and protects them and a thick pliable 
plastic tube over the probe insulates it from 
Coil assembl~ 
c 
0 
·c 
"' :;
"' j\ 
Fig 4.25: Typical flexible flux probe 
the line. Stiff plastic or glass insulating tubes are used when a rigid probe is preferred. 
c.. ; · 
3 
0 
0 
"' X 
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Tn situations where excessive pick-up is produced due to the capacitive coupling between 
the coil and the line, a shield of thin aluminium (kitchen foi l) with 12.5 , . .un Mylar 
underneath (to avoid a shorted turn, which would inhibit flux entering the coi l area) is 
wrapped around the coil insulating sleeve and connected to the cable braid. Fig 4.26 
BNC Plug 
............... ;~·~~·;~·~·~ ······~···~~~··~·~~~~···· ...... Shrunk 
coax insulator sleeve 
Expanded piece 
of braid 
Pick-up shield 
sandwich 
Coil Inner insulator 
f 
Securing Solder Outer 
insulator nut joint insulation 
Coil 
insulation 
I nr•er conductor 
of coax 
Fig 4.26: Expanded detai ls of the r igid and shielded flux probe assembly 
shows the general details of the rigid and shie lded fl ux probe assembly. 
4.7.2. DC voltage measurement 
Solder 
joint 
It is important that the high DC voltages provided by the many voltage setting circuit 
during the experimental studies are accurately known, and an inexpensive DC measur ing 
circuit was therefore constructed and used as a standard against which the set voltages 
were calibrated. The circuit contained a 450 M Q chain of good quali ty high voltage (HV) 
resistors, together with a high qual ity rotating mirror galvanometer to measure the series 
current. The 0.75 m long chain was mounted inside a 5 cm diameter Perspex tube, set up 
on a metal stabilising base connected to gro und. The resistor chai n was connected to a 
HV terminal at the top of the tube, and via a 1 MQ resistance to the base. A BNC socket 
mounted in the base and connected across the 1 M Q resistor provided the output 
connection for the galvanometer current The measurement accuracy was checked against 
a 1 kV commercial voltage standard source, and later by a HV Techtronix probe. 
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4.7.3. Measurement of pulsed voltage 
A resistive 30 k V pulse attenuator with a fast response was constructed, tested and used 
to measure voltages with respect to earth on discharge circuits with good earthi ng 
arrangements. When used to measure the voltage between any two po ints in a high 
current discharge c ircuit, with poor earthing conditions and consequent earth loops, it 
introduced excessive switching trans ients and base line shifts into the recorded traces. 
Most HV measurements are however made by connecting a water resisto r between the 
measuring points in the c ircuit. and sens ing the current needed to calcu late the voltage 
across it us ing a self integrating Rogowski coi l. Tests on a fast discharge circuit 
confirmed that its rise-time response is adequate for the range of pulses envisaged in the 
studies. 
4.7.3.1. HV Resistive probe (HVRP) 
The 30 kV attenuator seen in Fig 4.27, 
consists of a cha in of resistors soldered 
closely together, mounted inside a 5 1 cm long 
1.25 cm diameter copper pipe and insula ted 
from it by nine wrappings of 50 J.lm Mylar 
sheet. Thirty 47 n, I W carbon resistors make 
up the high resistance arm R1, and a 33 n 
output resistor comprises the low resistance 
arm R2 Thin copper strips 1.5 cm wide and 15 
cm long soldered to the end of the resisto r 
chain and the copper pipe form the input 
connection. The a ttenuated waveform was fed 
to a 50 n (R3) recording cable via a BNC 
socket let into and soldered to the pipe. 
Thi s arrangement resulted in a low resistance 
B 
f 
c 
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eonnccllng 
eoppcr 1ngs 
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Fig 4.27: HV Resistive probe ( IIVRP) 
a rm of R2 R3I(R2 + R3) = R4 g iv ing a " resisti ve atte nuati on factor" k, = V output I 
Y inpuh of ~ I (R 1 + ~) = 1.275 10-2 An additiona l attenuator (with an attenuator 
factor k2) that was matched to the impedance of the output cable to avoid re tlectj ons, was 
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positioned at the input to the recordi ng osci lloscope to reduce the output voltage = Yinput 
k1 k2 to an acceptable level. 
The current received at the earthed end of a length of underground cable resulting from 
the application of a Heaviside unit function of voltage at the sending end was used to 
establi sh the minimum voltage rise time that was recordable. The minimum duration of 
E 
the input function to give a peak current of flowing to ground at the receiving end 
Rl 
is [Warren 1942] 
I = -;.(Rf)(Cf ) 
7r 
where E = the raised potential at the sending end 
R = resistance/unit length of cable 
C = capacitance/unit length of cable 
e = length of cable 
Tests with the 1 W resistors dissipating a ll 
the energy stored .in a simple series 
connected resistive and capacitive discharge 
> 
a 
> 0 
circuit confirmed that they were capable of N 
mainta ining their values accurately, whi le 0 
passing large currents and holding-off more 
than 1 kV, providing that their temperature 
ri se was small. The voltage profiles 
.::: 
envisaged in studies with durations from I. to f3 
I 00 J.!S satis fied these conditions. The Cf. 
product was cal culated as 55 pf and the 
Re product was measured as 1538 Q , giving 
a minimum dw·ation of the input pulse of 54 
ns. 
> E 
0 
V) 
0 
I 
I I I '- I I I I 
•• I I I I I I I' 
f 
I 
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. .. 
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(4.14) 
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(a) 
I 
. 
(b) 
A balance of both the res is tive and 
Fig 4.28: HVRP output response (b) 
to a sharp input pulse (a) 
capac iti ve attenuation is needed for thi s large va lue of attenuation of the input 
signal. For correctly balanced conditions C1/(C1+C2) = R2/(R1+R2) [Mil lman et al 1965] , 
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where C 1 and C2 are the capac itances across the high and low res istance arms. 
Tests o f the response of the HVRP us ing a fast ri se-time pulse gene rator 
showed that it was under capacitive compensated and C2 needed to be 
increased. The correct balance was obtained by squeezing silicon grease around 
the low-res istance arm to increase the diel ec tric constant. 
Fig 4.28(b) shows the output response vo ltage to the input pul se vo ltage Fig 
4.28(a) , of an HVRP with an add itional attenuation factor k2 = 0.2 1 al the 
oscilloscope input. to give an overall calculated pulse attenuation of k 1 k2 = 2.68 x I o·3 
The measured attenuation is 2 .72 x I o·3, and it is clear from a comparison of the 
leading and tra iling edges of the wave forms that the minimum recordable ri se-
time of the HVRP is close to the minimum calculated duration of the input function of 
54 ns. 
4.7.3.2. Water resistor voltage probe (WRVP) 
The probe uses a self integrating Rogowski coil to sense the current nowing in a water 
res istor passing through its central hole and connected between the measurement points 
in the circuit. The resistor consisted of small diameter plastic tubes, typically 0.5 cm 
internal diameter and 20 cm long. containing 
deionized water. doped with copper sulphate 
and scaled at each end by a copper electrode 
to form a resistance R\\ of approximately 450 
Q. The energy dissipated in the resistor by a 
high-pulsed current produces a negligible ri se 
in ei ther its temperature or its resistance. The 
Rogowski sensor has a peak current 
capability of 5000 A, a sensitivity when 
matched at the end of a 50 Q output cable of 
0.05 V I A. and a minimum recordable rise 
ti me of20 ns. The vo ltage to be measured Vx 
is the product of the current and the water 
resistance Rw so that V x = 20 V out Rw. Fig 
Secondary load Rogowski coil 
Water resistor 
Fig 4.29: WRVP connected across II V 
secondary winding 
4.29 shows the WRVP used to measure the high output vo l.tage of the pulse transformer 
in the experiment discussed later in Chapter 8. The machined grooves on the load and the 
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guard rings on each side of the current sensor were needed to increase the surface 
tracking path length .. 
The water resistor is checked at regular intervals, by measuring the current flowing when 
20 V DC is applied briefly to its electrodes. Both the electrodes and the fluid were 
changed whenever chemical deposits were observed on the electrodes. 
Measurements made over the range of voltage amplitude, rise time, and pulse shape 
expected in the experiments, showed that the WRVP accurately recorded the calculated 
values. Some of the results obtained at 
suitable current and energy levels were 
further confirmed, by substituting 
carbon composition resistors 
Ln conclusion, Fig 4.30 shows the 
output of the WRYP (with Rw = 394Q), 
when connected via a nai l switch across 
a low inductance 0.22 J..LF capaci tor 
charged to 20 kY. The resulting rise 
time of less than 10 ns clearly 
demonstates both the rapid switching 
> 
e 
> 
E 
C> 
C> 
V) 
0 
250ns/Div 
Fig 4.30: Oulpul of the WRVP connected via a nail 
switch to a 0.22 ~1F capacitor charged 10 20 kV 
time of the nail switch accompanied by the switching transients mentioned earlier, and 
the ri se time responce of the probe. A contribution to the irutial overswing by the probe 
may also be present, since the Rogowskj coil is being driven below the minimum rise 
time for wruch it was designed. 
4.7.4. Determining the bank discharge characteristics and circuit values 
The inductance and the resistance of an LCR discharge circuit with constant components 
can be readily determined from recordings of the damped sine wave profile of current 
made using a iJ probe, together with the irutial bank vo ltage. By inserting these results 
into the circuit equations, peak values of the current waveform and its derivati ve can be 
determined and used to calibrate the B probe. 
However, the experimental discharge circujts assembled for the studies have additional 
components with resistance values that change significantly during an experiment. In 
these cases, the constant values required for calibration and result analysis were obtained 
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from discharge tests, with the variable components temporarily replaced by copper foils 
having an insignificant resistance. 
When a capacitor C charged to a voltage V0 is discharged through a series combination of 
resistor Rand inductor L, from a timet =0, the time variation of the s ubsequent current is 
l( t) = 10 exp(-at)sin rot (4 .15) 
where 
I = VII 
() 
{J)L 
m = 21f = J I - R' =m JI- y 2 
T LC 4L o 
I {J) = --
1> .JLC (4.16) 
r = ~Jf 
R 
a= 2L = Y{J) , 
The measurements required from the test discharge waveform are the current period T 
and the ratio f of consecutive current or current differential peak values. In the majority 
of tests r ~ 0. 1 and ro can be regarded as equal to ro0 . It is then easi ly shown from 
equations 4. 15 and 4.16 [Novae et al 1995] that 
L = ..!_[I._Jz 
' C 2n (4.17) 
where ( = 0, T/2, T etc---------------------
and if V0 and C are known, and T and Fare measured from the discharge results, the 
expressions listed in (4.17) can be evaluated. 
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fn test circuits with y > 0.1 , the equations listed in (4 .1 6) were used when evaluating the 
peak values. The current waveform although remaining periodic, departs s lightly from a 
pure sine wave with the fust current maximum occurring at < T [ Knoepfel 1970] 
4 
When the inductance L 1 between two points of a circuit is required, a voltage probe 
is connected between these points and the corresponding voltage V 1 and i at the zero 
current crossing points of the wavefonn are measured. The required inductance is the 
L1 = ~1 • A useful fo r expression for lmax can also be deri ved and used for inj tial design 
1 
purposes when a t << I by approximating ea1 to ( !+at), leading to 
or 
vfC 
ofL 
I = sin CUI 
I +at 
vo 
= ----==::----)~ +0.8 R ( 4. 18) 
Lnserting the fo llowing typical circuit values for the laboratory experiments into eqn 4.17 
for Imax, Y0 = 20 kV, C = 270 )..l F, L = 200 nH, R = 3.2 mn gives a t = 0.092 and lmax = 670 kA. 
Using these values in eqn 4. 18 then gives lmax = 67 1 kA 
4.8. Recording facilities and analysis of results 
The recording facilities (transported between the laboratory and the firi ng range as 
required) consisted of three digital storage oscilloscopes each having a 100 MHz band-
width and a 400 MH/s sampling rate. There were eight recording channels, and the stored 
waveforms were recorded on paper plotters. A further two oscilloscopes, with a 200 
MHz band-width and a 1 GH/s sampl ing rate, were used for recording the fast waveforms 
produced in the plasma switching studies. The experimental waveforms were first 
analysed manually, before the results were input into a computer for fi nal analysis and 
presentation. 
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CHAPTERS 
FLUX COMPRESSOR FIRING STUDIES 
5.1 Flux compressor (FC) firing facilities 
A num ber of members of the Megagauss Club listed in Table 2.1 still have ongoing FC 
firing programmes conducted at static purpose-built firing ranges, equipped with the 
Fig S.l: View of firing range at Los Alamos 
necessary pulsed power, pnmmg. 
record ing, and diagnostic fac ili ties. and 
manned by experienced staff who 
determjne and contro l the firing 
procedures. Fig 5. 1 shows such a range 
at the Los Alamos National Laboratory 
NM USA, with an FC driven device on 
the firing platform. The capacitor ban.k, 
recording and FC firing equipment are 
all housed in a bunker beneath the 
platfo rm. 
Similar facilities were assembled at the Atomic Weapons Research Establishment on 
Foulness Island in Essex for the UK FC research programme that ran for about ten years 
from the mid 1950s. The firing range fac ili ties were however dispersed and the staff 
disbanded when the programme ended. 
At the start of the present research programme, a number of manned firing sites and 
bomb chambers were available for hire within a practical. di stance of travel from the 
Uni versity, some with pulsed-power eqtdpment for specific purposes such as rail gun 
research. None of these were however able to offer the combination of explosive weight 
capability and fac ilities needed for fi ring FCs with megajoule output energies, and the 
explosive weights up to 15 kg that were required for the studies. 
5.1.1 The mobile pulsed-power facility (MPPF) 
The self contained MPPF described in Chapter 4 and used for the fLrings described later, 
was assembled as a multipurpose fac ili ty able to provide the pulsed power, recording and 
firing controls needed for the FC studies. lt is shown in Fig 5.2 deployed on the military 
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controlled Proof and Experimental 
firing range at West Lavington 
Wiltshire. The capacitor bank and 
control cabin containers are shown 
shielded from the blast and fragments 
created by the explosion. Large 
specially des igned concrete blocks 
(termed Pendine blocks) line the sides 
and ends, with steel plates and 
sandbags above to protect the roof. 
Fig 5.2: The MPPF on the firing range 
The MPPF offers a number of advantages for a tightly budgeted research programme. it 
was constructed for a small fraction ofthe cost of a static purpose built system mentioned 
earli er, could easily be transported and deployed on an open firing range having a mains 
supply or generator nearby, and needs only a simple firing bunker with a platform below 
ground level to con fine the blast and fragments. An explosive magazine with safety 
officer within reach, access to a small mobile crane, and the occasional use o f some local 
range workers to refurbish the bunker after a firing complete the requirements. This self 
contained unmanned system, with virtually unlimited access, and minimum range costs, 
enabled firings to be conducted at short notice us ing 3 or 4 people drawn from the 
Loughborough Pulsed-Power Research Group. These arrangements also enabled close 
contact to be maintained with the experimental procedures and details of the work. 
5.1.2 The firing bunker 
Fig 5.3 shows the excavated firing 
bunker, with Pendine blocks faced with 
wooden railway sleepers supporting the 
wall s. The firing platform rests on 
s leepers and is supported each side by 
Pendine blocks, leaving an accessible 
cavity below the platform in which 
some experimental components could 
be positioned and recovered. The Fig 5.3: The firing bunker and platfom1 
firing platform consists of two 
sandwiches of 2" thick steel plates, each with car tyres spread between the plates to 
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cushion the explosive shock. The sandwiches are positioned side-by-side with a small 
gap between them, through which a transmission line can convey current to a load circuit 
positioned in the cavity. A s loping path from ground level provides access to the 
platform. 
5.2 Layout of the FC firing and recording circuits 
Fig 5.4 is a schematic representation o f the priming, firing and recording equipment 
layout, for firing FCs (shown in truncated form) with megajoule outputs and priming 
currents greater than 30 kA. 
CO 'TROL CABIN 12 HV r------------ .. 
I 
Pnmmg current 
Flux Probe outputs 
Fig 5.4: chernatic diagram or FC component layout: OPTO - high voltage opti.cal isolator, 
DET - detonator, lP - ionisation probe, IG - self integrating Rogowski coi l, 
N. l - anenuator/integrator, I - current, I - current deri vati ve 
An output pulse from the thyratron ( triggered via the firing button) operates the start 
switch to turn on the FC priming circuit current (coloured green). Standard battery-
operated firing equipment is used in the firing c ircuits (coloured red) to tire the 
detonators that initiate the explosive in the FC armature. A flux probe positioned between 
the capacitor output lines triggers the firing ci rcuits and the oscilloscopes. This ensures 
that if the start switch pre-triggers before the set capacitor charging voltage is reached the 
correct firing and recording sequence is nevertheless maintained. 
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When conducting pre-tests of the complete firing system for a megajoule size FC, the 
detonator crowbar (shown in Fig 5.5, without its detonators or insulating Mylar) is 
inserted in the priming discharge ci rcuit, at a position close to the firing bunker. The 
position chosen is where the coaxial feeder cables reduced from 12 to 6, and the 
detonator is operated by the redirected FC detonator firing cable shown dotted in Fig 5.4. 
The crowbar simulates the FC crowbar 
and enables the timing conditions to be 
monitored by the FC flux probes. 
An alternati ve fi ring ci rcuit and a 
detonator start switch with initiating 
cable are also shown dotted in Fig 5.4. 
This is used for low energy FCs 
requiring small priming currents, at 
capacitor voltages less than the 12 kV 
minimum needed for reliable operation 
of the capacitor bank start switch. The 
switch is accordingly short circuited, 
the fi ring ignition pulse li nk 
disconnected, and an appropriate 
reduction is made to the number of 
priming current feeder cables. Fig 5.5: Detonator crowbar switch 
A Rogowski self-integrating current sensor records the current flowing in the bared inner 
conductors of two of the feeder cables. An ionisation probe (described in Section 
3.3.3. 1 ), positioned on a detonator at the end of one of the firing cables, provides a 
timing pulse occurring at the same time as the armature is detonated. Ionization probes 
are also used on some FCs to record time of arrival of the detonation wave at points 
close to the beginning and at the end of the armature explosive. 
The flux probes shown in the FC load in Fig 5.4 were designed using the procedures 
described in Chapter 4 and inserted during its construction. They provjde sufficient 
output voltage (within the capability of the recording equipment and associated 
attenuator/integrators), to record adequately the wide range of initial to final current and 
its derivative determined from the design figures, that approach 200 and 1000 
respectively in some of the FCs fired in the study. The FC current and its derivative are 
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obtained from the integrated I attenuated 
recordings of the waveforms produced by 
the fl ux probes using the equations of 
Section 4.7. 1.2. 
The HV optical isolators shown in Fig 
5.4 are included to prevent switching 
transients interfering with the triggering 
sequence. F ig 5.6 is a view inside the 
control cab in, showing the recording 
Fig 5.6: View inside the contro l cabin 
equipment assembled for a firing and secured to the benches by straps that minimise any 
movement resulting from ground shock and blast waves. 
5.3 Estimating the priming current waveform characteristics 
The priming current quarter period and peak value fo r a given capacitor bank voltage are 
estimated from the calculated or measured values of the inductance. resistance, and 
capacitance of the discharge circuit and the FC. The results are confirmed, and the flux 
probes calibrated using measurements of the recorded waveforms (see Section 4.7 .4) 
obta ined from a priming current discharge conducted during the fi ring procedures. 
5.4 Firing and recording procedures 
There is only one chance to obtain results when fi ring an FC, since it is totally destroyed 
by the explosive charge. Some of the more per6nent reasons for losing resul ts are errors 
in the setting of the firing circui t delay or in the estimation of the time between initiation 
of the armature explosive and operation of the FC crowbar (termed crowbar delay), 
needed to ensure that crowbarring occurs at the peak value (lp max) of the priming current. 
High vo ltage breakdown, and incorrect oscilloscope time base, recording amplitude and 
polarity settings are others. Loss of results for any reason is frustrating, time consuming, 
and costly. 
To minimise the possibility of mistakes during the busy firing activities, instructions and 
schedules detai ling the delay and oscilloscope settings are drawn up for each firing. Pre-
tests of the complete firing and recording system are also conducted close to the firing 
time to check the crowbarring and Ip max simultaneity, and the recording equipment 
connections and settings. 
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5.4.1 Setting the firing circuit delay 
Correct FC crowbarring conditions are obtained by adjusting the firing circuit delay to 
bring the time of initiation of the armature explosive into coincidence with that of the 
peak of the priming current, and then subtracting the estimated crowbar delay (tcd)· 
5.4.2 The pre-tests 
Prior to inserting the explosive, but with all other connections in place, the complete FC 
firing system is operated at a low priming current level. Errors in the recording 
connections, delays, and settings are identified by inspection of the output waveforms of 
the flux probes. recorded at appropriate osci lloscope input amplification levels. The 
crowbar coincidence conditions are identified from the pre-test waveforms of an 
megajoule size FC with the simulated crowbar inserted, and delay adjustments made as 
required. The crowbar conditions, when firing a low energy FC needing a detonator start 
swjtch, are however checked by noting the time difference (displayed on the same 
record) between the input priming current maximum and the arrival time of a pulse 
deri ved from a ionisation probe taped to the end of a detonator initiated by the FC Iiring 
> 
:§ > r-~~-r~~--~-+ 
E 
~ r-~r--r~+-~~++ 
waveform 
50!-!s/div 
Fig 5. 7: Pre-test output of a flux probe 
5.4.3 Estimating the FC crowbar delay 
cable. 
The crowbarring timing and action is 
illustrated in Fig 5.7. which shows the 
attenuated and integrated waveform s 
reco rded from the o utpu t of a flu x 
probe durin g a pre-test of a 1 MJ FC 
at a priming discharge current maximum of 
19 kA. The close coincidence between the 
crowbar time and the quarter period of the 
priming current is clearly seen in the figure. 
The coincidence conditions for the pre-tests discussed above occur when the armature 
explosive is detonated. For the same conditions to apply when the crowbar operates in 
the FC the calculated time between detonation and contact of the armature cone with the 
crowbar (item 7 in Fig 5.8) is subtracted from the firing circuit delay for the pre-tests. 
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Fig 5.8: Sectioned schematic view of a he lical FC 
Detonation and crowbar assembly; 
1.- Detonator pellet holder and explosive pellet, 
2.- Explosive, J .- Armature, 4.- start plate, 
5 .- Insulator, 6. - Start ring, 7.- Crowbar contact, 
8.- Helical coil, 9.- Cone position at crowbar time, 
T - Armature thickness, a - Armature cone angle. 
Fig 5.8 shows a sectioned schematic 
view of an FC detonation and crowbar 
assembly with dotted arrows indicating 
movement of the annature. 
Crowbarring becomes effective when 
the armature reaches the crowbar 
contact at C. This happens when the 
detonation wave-front has travelled a 
distance x from A to B at a detonation 
velocity vd, propagated a shock-wave 
through the armature wall thickness t at 
a shock velocity v5 (approximately 5 
and 3.7 mm J..lS-1 for aluminium and 
copper respectively), and expanded the 
armature radius a di stance y from B to Cat a radial velocity Vr (ways of determining the 
dynamic characteristics of the expanding armature are discussed in section 6.4.5). The 
total crowbar delay time t cd is therefore 
led= x/vd + tlv5 + y/vr + approximately 2J.!S for the crowbar closing time 
For example. the megajoule FC discussed later in chapter 6, has an aluminium armature 
and x = 220 mm, t = 9 mm, y = 20mm and vd = 8.2 mm J..lS-1• Vs= 5 mm J..lS-1• Vr = 1.74 
mm J..lS-1, a= I 2°. This gives a crowbar delay of led= 42.3 IJS. 
5.5 The firing programme 
Firings commenced with the appraisal and comparison of the performance over a range 
of priming currents, of two small helical FC designs [Brooker et at 1997] with ki lojoule 
outputs and hand wound or machined constant pitch coils. Both designs utilised 30 mm 
diameter aluminium armatures filled with 0.25 kg of PE4 plas6c explosive. 
The firings were also required for the proof tests and commissioning of the MPPF and 
explosive initiat ing faci lities, and served to fami liarise the supporting personnel with the 
firing and range procedures. 
The programme continued with the appraisal of larger helical FCs with megajoule 
outputs, including a complex machjned design intended for the high current testing of 
output conditioning components, and a hand wound design termed FLEXY that was 
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designed spec ifically for the research programme. The design and construction, together 
with the appraisal (using the procedures described above) and use of FLEXY for 
explod ing fo il experiments, are all presented in the next chapter. 
5.5. I Estimating the FC performance 
From the discussion of Section 2. 1 it follows that given the priming current lo, the 
inductance of the FC plus load L0 at crowbar time to, (see Fig 2.2) and the final load 
current 11 at time t when the remaining inductance L1 equals the design load value, the 
proportion of the original linkage flux in the load inductance is 
Output flux I Input flux == I1 L1 I lo Lo = TJ (5. 1) 
or in percentage terms 
The flux efficiency of the FC == I 00 l1 L1 I 10 Lo = I 00 TJ 
and more specifically the percentage of the initial flux lost by the FC loss mechanisms 
described in chapter 6 is 
flux loss == I 00 ( I-TJ)% 
Furthermore 
the FC current gain = l1 I lo = Lo TJ I L1 
and the energy gain == W, / W0 = Lo l')2 I L1 
(5.2) 
(5.3) 
Lo is calculated (see Section 6. 1.2) and confirmed using the methods described in Section 
4.7.4. To sati sfy the above equations, an accurate assessment is needed of the time t at 
which the armature/coil contact reaches the position along the coil, where the remaining 
inductance L = the load inductance L1. A value fort is found by estimating the time taken 
by the armature to expand radially to meet the coil after operation of the crowbar, and for 
the armature/coil contact to move along the coil to the position where L = Lt us ing the 
radial cone and detonation velocities. Changes of amplitude on the current derivative 
waveform when the armature/coil contact crosses an abrupt change of inductance 
inherent in the FC design are also used to identifY the contact position and to corroborate 
or improve the above estimate. 
When the lead ing edge of the cone reaches the end of the explosive inside the armature 
its motion a long the armature comes rapidly to rest. A further reduction of the inductance 
69 
with some increase in energy then occurs as the surface of cone is continues to be driven 
radially in a complex manner by the explosive inside the cone. 
Time t for the sma ll FCs (Minigens) mentioned above, with L1 of several hundred nH 
connected across the end of the coil, is indicated when generation is fini shed and dl/dt is 
close to zero.The Megajoule size FCs fired during this work had integral coaxial loads 
with an inductance Lr of a few tens of nanohenrys when the armature/coil contact reached 
the end of the co il at t2 with the cone ins ide the coaxial load (see Fig 2.2). An 
understand ing of the significance of the dJ/dt and I changes of s lope and level when the 
armature contact is approaching or is within the load is needed when determining t2 and 
the corresponding value of Ir to obtain an accurate assessment of the output energy. 
The slope of the dVdt and 1 waveforms reduce as the armature/coil contact approaches 
the end of the coil , and dVdt is reduced abruptly to a lower positive level, with a small 
corresponding indication in I when the end is reached at t2 . If the leading edge of the 
cone reaches the end of the explosive at the same time, some additional generation with 
an increase of current wi ll occur, as mentioned earlier. The dVdt then drops to a negati ve 
vaJue as J fa lls. When the armature explosive is arranged to extend further into the load, 
the dlldt will increase after its reduction at has generation takes place, with a significant 
increase of I as the cone moves into the coaxial load reducing its inductance. Arrival of 
the leading edge at the end of the explosive will be indicated on the dl/dt and I 
waveforms as described above. 
5.5.2 Performance of the Minigens 
5.5.2.1 Hand-wound Minigen 
The 20 cm long coi l was potted in 
epoxy resin, had a mean diameter of 5.4 
cm, and was wound with 2.64 mm round 
section copper wire insulated with heat-
shrink sleeving which also provided the 
desired spacing. Tt had an inductance of 
34 J..lH, and a load inductance of 400 nH 
connected between its end and the 
Fig 5.9: I land wound M inigen FC in firing bunker 
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armature . Fig 5.9 shows the generator mounted in the firing bunker. 
The inconsistencies in performance 
that were observed are attributed 
to the simplified method of 
construction employed, in particu lar 
turns skipping, observed on several 
firings due to misalignment between 
the coil and the armature, 
(desc ribed in section 6.3.2) is 
probably responsible for their low 
efficiencies. The fl ux efficiency 
dropped with an increase of input 
current and ranged from 23 % for 
lo = I kA, Wo = 17.2 J, giving 
current and energy gains of 20 and 
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current and energy gains of 9.7 
and 1.1 for Io = 9 k.A, Wo = 1.39 
kJ. Fig 5.1 0 shows the lo. I and 
dlldt waveforms obtained from a 
typical firing with lo = 4 k.A, Wo = 
0.275 kJ. The flux efficiency is 16 
dl/dt 
% and CUITent and energy gains 
arc J 3.8 and 2.2, giving 11 and w, 
= 55 kA and 0.605 kJ. 
5.5.2.2 Machined Minigen 
The 27 constant-pitch turns 
of the Minigen coil, carefully 
machined from a copper cylinder, 
are sufficiently wide (4.4 mm) to 
ensure low Joule heating losses at 
the expected current level. The 
'0 
X 
11"1 
L....--.....1..----""-----.....1.----...L...----1 (c) 
20J..!sldiv 
Fig 5. 10: Typica l input and output waveforms from 
a hand wound Minigen FC 
Fig 5. 11 : Minigen FC in firing bunker 
7 1 
fmished coil is potted in epoxy resi~ and the resin inside the coil is machined out, leaving 
the uninsulated inner surfaces of the windings at a firtished diameter of 5.64 cm. Great care 
is taken to ensure concentrlcity of t11e coil/armature assembly. Some misalignment may 
occur however, in providing the trans ition needed from the coaxial generator geometry to 
the short parallel plate feed for the 11 5 nH load inductance consisting of a s ingle turn o f 
I 5 cm wide copper fo il. The initial inductance of the generator is 8.5 )-I.H. A short 
cylindrica l connector needed to convey the priming current to the generator, and to house 
the explosive initiator, completes an assembly some 36 cm long. Fig 5.1 1 shows the 
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generator in the firing bunker. 
The low resistance windings, and 
the care taken to ensure a high level 
of coil/armature concentric ity, 
was expected to result in a higher 
fl ux efficiency and a more 
consistent performance than 
obtained fTom the hand wound 
Minigen. 
The performance of the Minigen 
was investigated over a range of 
priming currents between 5 kA and 
I 0 kA. The flux efficiency rose 
w ith increasing input current, from \2.8 
% with cwTent and energy gains of 
9.4 and 1.2 for 10 = 5.2 kA, Wo = 
0.11 5 kJ, to 19.2 %with current and 
energy gains of 14.2 and 2. 7 for Io = 
10 kA, W0 = 0.41 kJ. A record of 
the current waveform and its 
derivative obtained with l o = I 0 kA, 
giving I1 and W1 == 142 kA and 1.1 
kJ, is shown in Fig 5. 12. The abrupt 
change in the current derivative 
close to the end of the generator run 
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is thought to be due to the geometry change problems mentioned earlier. 
The low efti ciencies obtained for this carefull y made generator, and its reduction for a 
decrease of input current to values less than those obtained for the hand-wound Minigen 
were puzzling. The dlldt records were smooth, show1ng no indication of flux loss due to 
either breakdown or turn skipping. 
However, an analysis of a typical low priming current result, [Novae, et a l 1997] using a 
2D model that takes into account the electric fie ld distribution within the generator, 
showed that the experimental current waveform could be closely simulated by assuming 
that electrical breakdown occurred between the uninsulated helical coil and the armature 
during the compression process at an electric field intensity of 34 kV /cm. F ig 5.1 3 shows 
the calculated and experimental result. The analysis indicated that the unexpected results 
were indeed attributable to voltage breakdown, and that the efficiency would doubtless 
have been higher if provision had been made to fill the generator w1th F6 gas to increase 
the breakdown electric fi eld. 
The induced vo ltage in a generator is a measure of the energy conversion level, while a 
poor result illustrates the importance of determining its value at the design stage. A main 
objective of good design is to provide the max imum insulation without compromising the 
generator action, and for the induced voltage level to be as high as possible over the 
generator run while avoiding voltage breakdown. These design considerations are 
discussed more fully in section 6. 1. 
5.5.3 Machined MJ helical FC 
Fig 5.14 is a sectional schematic diagram of a 1 MJ FC designed by the Pulsed Power 
Group (of which the author was a member) at the Atomic Weapons Research 
In tegral coaxial 
load 
Fig 5.14: Megajoule s ize machined FC 
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Establishment (A WRE), for use as an energy source in weapon experiments in the 1960's. 
The complex design of the 20 cm diameter 86 cm long coil requires 27 turns to be 
machined from copper tube. The turns consist of constant and variable pitch sections 
followed by a region of turns tilted to match the angle of the cone. The width of the turns 
increases towards the load end, to handle the increase in current. The coil is overlaid with 
fibreglass and potted with epoxy resin and has an inductance of 30 ~-tH. 
The I 0.2 cm OD diameter armature containing approximately 11 kg of composition 8 
explosive completed a sealed unit through the co il and coaxial load, allowing SF6 gas at a 
pressure of 3 bar to be contained, to increase the vo ltage breakdown level between the 
uninsulated surface of the coil and the armature. The generator was used extensively as 
an energy source to produce about a megajoule of energy into a range of inductive loads. 
With a 50 nH integral coaxial load and an initial current of 30 kA it had a measured flux 
efficiency of 33 %, and the current and energy gains were 200 and 60. The design 
evolved after some 5 years of FC research and for security reasons was not reported in 
the open literature, 
It was agreed that the generator should be reconstructed at DRA [Brooker et al 1994], 
wi th a view to using it as a pulsed power source in this study. Drawings were available, 
together with additional instructions for the careful attention needed to the geometry, 
insulation details, and alignment of the tilted turns, in order to avoid voltage breakdown 
and turn skipping, and to ensure a smooth transition of the cone both into and out of the 
tilted tums region. 
Machining and manufacturing details however had to be worked out from scratch. 
Consequently construction was difficult and took some 18 months. The completed coil 
has an inductance of 32.5 ~-tH, and the 
other dimensions and details are close 
to the original design values. The 
armature which extended well over a 
cone length into the load was packed 
with PE4 plastic explosive, the integral 
coaxial load inductance with the 
armature/coil contact at its entrance is 
50 nH, and free flowing SF6 at up to 3 Fig 5.15: Megajoule machined FC in ftring bunker 
bar pressure provided internal 
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insulation. Flux probes placed near the end of the load provide the output waveforms 
required to record the current and its derivative. Fig 5.15 shows the finished generator in 
the firing bunker. 
Fig 5.16 (a) shows the output current 
profile obtained with a priming current 
of 32 kA and an injtial energy Wo of 
16.64 kJ. The flux efficiency when the 
contact reached the end of the coil (t2 in 
Fig 5.16) and the load value was 50 nH 
was only 17.3 %. The current gain of 
112.5 and the energy gain of 19.5 
give 11 and w, as 3.6 MA and 0.325 
MJ. The maximum value of 8.5 MA 
was reached when the armature cone 
was well inside the load, with an 
optimistic calculated value of 14 nH 
load inductance remaining. The 
efficiency at thi s time is 11.4 %, with 
current and energy gains of 266 and 
30.3 . 
The reason for the reduction in energy 
in the 50 nH load at t2 from 1 to 0.325 
MJ is clearly shown in the current 
derivative profiles of Fig 5.16 (b) and 
(c). The main flux losses occur, as the 
cone is moving through the region of 
tilted turns, indicated by the ragged 
profile on the derivative waveform. 
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Fig 5.16: MJ machined FC output waveforms 
Flux losses are seen each time the cone moves to the next turn, with a maJor but 
temporary breakdown with large flux loss occurring at the end of the last turn . After the 
breakdown the generator is seen to recover, and continues to generate as the cone moves 
withln the coaxial load region. The energy into an optimistic fmal load inductance of 14 
nH is 0.504 MJ. 
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Improvements are needed in the alignment I insulation in the tilted turn region and the 
breakdown conditions at the end of the coiL to obta in the full potentia l output of the 
generator. The di fficulties and time scaJe of construction of this FC, and the need for 
further development however ruled it out as a high-pulsed power source for the present 
experiments, and tl1erefore it was necessary to design the Flexy megaj oule FC mentioned 
earlier in order to fu lfil the research progran1me. 
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CHAPTER6 
HELICAL FC DESIGN CONSTRUCTION AND APPRAISAL 
At the onset of this study, it was envisaged that the machined l MJ A WRE flux 
compressor described in the previous chapter would be used as the pu lsed-power source 
for high-current testing of the output conditioning components, and that a I 0 MJ version 
would provide the energy source in a final design. However, the poor experimental 
performance of this compressor and together with the other factors described in section 
5.5.3, ruled it out as a potential energy source. A much simpler hand-wound compressor 
was therefore designed, constructed and tested. Although the use of hand-wound devices 
is common, and many details have been published, no comprehensive account appears of 
any successful and proven design and construction process. It was imperative therefore 
for the necessary techniques to be developed. 
When designing a flux compressor, it is important to have available a mathematical 
model of adeq uate accuracy to determine the initia l parameters and to predict the likely 
performance. Unfortunately most ex isting models are very detailed [McGlaun et a l 1980, 
Freeman et a\ 1980], requiring long run times on large and fast computers and yet 
yielding results of limited accuracy for the final load current and energy. A simple but 
efficient mathematical model was therefore developed and verified using previously 
published data and results. The computing requirements are much reduced in comparison 
with existing models, and a good quantitative guide is provided to both the different 
phenomena that are involved and the measures needed to keep the various losses under 
control. 
A number of the new design of I MJ compressors was constructed and tested on the 
firing range. The helical stator coil used commercially avai lable insulated cables (which 
led to the design being termed FLEXY). While performing the essential series of pre-
tests a number of manufacturing problems associated with the coil were highlighted. 
Once these had been overcome, an extremely successful series of firings was obtained. 
Detailed considerations of the experimental results showed that the intended output was 
obtained, with the results being in generally good agreement with predictions based on 
the design code. 
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This chapter describes the mathematical model, the input data that is required and the 
verification procedures that were followed. Details of the design, construction and testi ng 
of the generator then fo llow. 
6.1 A simple generator model 
Although high-intensity magnetic and electric fi elds may are produced during flux-
compression, it is possible to neglect the effects or the magnetic field on the armature 
dynamics and the conductor assembly for both low- and medium-energy generators in 
which the magnetic field intensity is kept low by a suitable choice of turn-splitting (sic) 
[Tucker 1980 Pavlovskii et aJ 1980]. The effects of the electric field cannot however be 
similarly neglected, and early considerations that ignored the high voltage developed 
between the helical coil and the armature led either to extremely inaccurately predicted 
results [Curnmings et aJ 1966] or to results that could not be reproduced regularly in 
practice [Shearer et al 1968] 
In considerations in which the effects of the electri.c field are properly included 
[Pavlovskii et al 1980, Chernyshev et al 1980], an upper limit is imposed on the 
maximum voltage V max that is a llowed to develop between the coil and the armature. 
This leads to an expression for the time variation of the generator inductance L fo llowing 
crowbarring at timet = to= 0 as [Chemyshev et al 1980] 
L = L 0 exp{V max [1 - exp(yt)]!(L 0 I0y ) - yt} (6.1) 
where I is the load current, subscript 0 denotes initial values and y is the assumed 
constant ratio of resistance R to inductance L. Although equation (6.1) has been 
employed in generator design it is not generally sati sfactory, since in practice the va lue 
of y varies widely with time. A better representation of the generator parameters [Novae 
et aJ 1985] is obtained from the simultaneous solution of the equations 
(6.2) 
R = R(t, l,dll dt) (6.3) 
L = L(t) (6.4) 
in which the functions for R and L are obtained as explai ned below. In eqn (6.2), the 
second term, which represents the maxim um value of the voltage induced in the 
generator circuit, is the energy conversion term. The energy multiplication ratio of the 
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generator is therefore directly related to the maximum permitted value of thi s voltage. 
These basic considerations together with the limitations of he lix flux compressors 
[Novae et al 1997] are presented in Appendix A. 
The mode l developed below considers a generator with the stator divided into a number 
of equal length sections, each having a constant winding pitch and with the same number 
of turns in any parallel current paths. The ax ial dimensions of the crowbar and the output 
ring shown in the typical 4-section generator of Fig 6.1 wi ll be neglected and the 
behaviour during two different time periods considered separately. 
stator 
section___. 
( i) 
stator 
Fig 6.1: A four- section generator: (i) the armature cone at the crowbar pos ition; 
(ii) the armature cone at the final position of period ( I); (iii) the armature at the 
intermediate position of period (2); and (iv) the armature cone at the fina l position 
of period (2. 
a) The first peri od (period 1 ), wh ile the an11ature cone is expanding from the crowbar 
position (i) of Fig 6.1 , until contact is made with the helical coil at pos ition ( ii). 
b) The second period (period 2), while the po int of contact between the armature cone 
and the helical coil moves along the coil length to the final pos ition (iv). 
Another important feature of generator design is the l.ength of the explosive charge. If the 
end of thi s lies at the output ring of the stator, any additional compression of the flux 
after this point, when the cone is dri ven by its own inertia, is ignored in the des ign . 
6.1.1 Ohmic resistance 
Calculation of the ohmic resistance of a generator is based normally on a unidimensional 
model for diffusion of the magnetic field into both the coi l conductors and the armature 
wall . The skin depth 8 that is involved is determined from [Knoepfel 1970] 
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5= (dl I dt) J..l oOo 
I (6.5) 
where Jlo is the magnetic permeabili ty of free space and cr0 the conductor conductivity at 
room temperature. Eqn (6.5) is valid only for an exponentially rising current, which 
occurs only approximately in practice, and it gives a somewhat pessimistic estimate 
during the final moments of compress ion when the current growth may be far from 
exponential. 
For initial resistance calculations. the skin depth that is effective during discharge of the 
priming capacitor bank is [Knoepfel 1970] 
(6.6) 
where C is the bank capacitance. 
The resistance Re o f one section of the hel ical stator coil is determined using a skin e ffec t 
factor fs and a proximity effect factor fp, such that [Welsby 1964] 
(6.7) 
where Roe is the DC co il resistance and 
f . = <D/(48) (6.8a) 
(6.8b) 
.ffl = 
<D <28 
(6.8c) 
where <D is the wire diameter, n the number of parallel paths in a section, and p the pitch 
of that section. Both skin and proximity effects are described by (WeJsby I 964], from 
w hich the formulae above are adopted. 
The current in the generator armature may be considered as the summation of an ax ia l 
current with circular currents developed by induction from the stator. The total current then 
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clearly forms a helix with the same pitch as the corresponding stator section, and the 
armature resistance is ca lculated using the formulae above, but with fp equal to unity. 
A signi ficant phenomenon that occurs during the ftrst period of the flux compression 
process is a rapid increase in the generator resistance. The armature is expanding and the 
corresponding longer path of the helical current through the cone is evaluated in 
Appendix B. 
6.1.2 Inductance 
Many methods exist [Fowler et at 1975, Grover et at 1980, Jones 1980, Tucker 1980, 
Cowan et at 1984, Fowler et al 1989] whereby the inductance of the individual stator 
sections of a helical generator may be calculated. That used in the present design process 
[Fowler et at 1975] has the advantage of being relatively simple, with an error of less 
than 5% provided that the ratio of the diameter of the helical coil to the length of a 
section is less than about 1.5. On this assumption, the inductance L5 of a stator section of 
length I is 
(6.9) 
where re and ra are respectively the coil and armature radii (see Fig 6.1) and the 
constants involved are k1 = 0.003948 and k2 = 0.45. 
The mutual inductance between adjacent sections of the stator coil (x and y, say) is much 
less than the self- inductance of either, and may conveniently be calculated [Novae 1989] 
from 
(6. 1 0) 
For coi l sections that contain an expanded armature within their axial length, and 
possibly an armature/coil contact, the correspondingly reduced inductance is obtained by 
subtracting from the value given by eqn (6.9) the quantity [Novae 1989] 
(6. 11 ) 
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where r1 and r2 are the radii of the armature cone at the section ends and a is the cone 
angle (see Fig 6. 1 position (iii)). ln eqns (6.9)-(6. 11 ). all lengths are in millimetres and 
the inductances are obtained in microhenrys, and when the contact is within a section the 
length I is decreased accordingly. All three equations are deduced under the assumption 
that the flux density is constant throughout the volume between the armature and the coil. 
In eqns (6.9) and (6. 11 ) the value used is that produced at the centre of a simple helical 
coil and in eqn (6. 1 0) it is that produced at the same position but by an adjacent coil. 
Further approximations [Fowler et al 1975] were introduced into the above equations to 
improve the accuracy of prediction, with most importantly (t2 + 4rz ~ being replaced by 
(1+0.9rc). 
Because the self-inductances of the stator winding are so much greater than the mutual 
inductances. it is unnecessary to calculate any variation in the latter due to the expanding 
armature. However, this, together with the approx imations used in deriving eq ns (6.9)-
(6. 11 ), leads to a small discontinuity in the theoretical inductance variation each time the 
contact point moves fro m one section to another. 
Values for the resistance and inductance obtained from the equations in sections 6. 1. 1 
and 6. I .2 are used in a simultaneous solution of eqns (6.2)-(6.4) to provide time 
variations of the current, flux density, stored energy etc. The solution takes only a few 
seconds using a FORTRAN la ng uage program impl emented on a PC-386 
computer. 
6.2 V crification of tbc model 
Generally speaking, experimental and other generator data available in the literature are 
inadeq uate to provide a satisfactory basis for establishing the accuracy of prediction 
provided by the equations of the previous section. Nevertheless, a few important results 
(described in Sections 6.2.1 and 6.2.2) exist that can be used for this purpose. 
6.2.1 Tbe Mark IX generator 
The Mark IX generator [Fowler et aJ 1989] developed at the Los Alarnos National 
Laboratories (USA) provides a high-current output into a low-inductance load, and is a 
low-gain device needing a large input energy. Published information on this generator, 
together with details of the way by whic h the following input data for the design program 
were derived, are given in Appendix C. 
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The helica l coil is of length 1085 mm, inside diameter 356 mm and it has five equal-
length sections, 2 I 7 mm each, see Table 6. I . The copper armature is of outs ide diameter 
173 mm and thickness 9 mm. The cone angle a is 14°, the detonation velocity is 9 mm11s·1 
the crowbar diameter is 252 mm, the load inductance is 60 nH and the priming current of 
413 kA is obtained from a 1500 ~tF , 40 kV capacitor bank. 
8.000 
6,000 
4 ,000 
L ,nH 
2.000 
0 
0 
·0.05 
-0. 1 
dL 
dT .n 
-0. 15 
-0.2 
-0.25 
0 
section pitch mm nwnber of cable 
parallel cables diameter mm 
l 54.25 5 9.3 
Il 108.5 10 9 .3 
m 223 20 9.3 
VI 461 40 9.3 
V 461 40 9.3 
Table 6.1. The five sections of the helical coi l of the Mark rx generator. 
0 50 
Detai ls of the generator inductance 
variations, obtained using a far more 
complex model than that described 
above, are also available [Fowler et a l 
1989] and Fig 6.2(a) and (b) show that 
very good agreement ex ists between the 
t2m t2 t3m t3 values of both the inductance and its rate-\ ; ' I 
100 150 
time from c rowbar. 1-LS 
of-change with time calculated using this 
model and the present design program. 
Fig 6.3(a) shows that good agreement 
also ex ists between the measured and 
calculated load cw-rents for the first I 00 
~s following the crowbar action at time 
to. At time (t2 for the actual generator, t2m 
for the model) the armature cone enters 
t2m l2 t3m t3 
' t \ 1 U1e output ring (see Appendix C) and the 
50 100 150 
time from crowbar, J.lS 
Fig 6.2: Ca lculated parameters of the M ark IX 
Generator: (a) induc tance variation with tim e 
subsequent error in the pred ictions 
increase slightly. However, it still 
remains at only about 20% at the end of 
the period (2) (t3 for the actual generator, 
t3111 for the model), when the detonation 
and (b) T he rate of c hange of inductance with 
time.The lines are(--), the design programme 
and (- - - 1, from [Fow ler et a t 1989) 
process is complete. The unusual form of the experimental rate-of-change of current 
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characteristics of Fig 6.3(b) has been noted previously [Degnan et al 1983] and is 
confinned by the corresponding computed results. This indicates that it is a normal part 
of generator action, quite unrelated to any unusual loss mechanisms. 
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Fig 6.3: Characteristics of the Mark JX generator: (a) the load current variation 
with time; (b) the rate of change of load current variation with time; (c) the 
resistance variation with time; and (d) the maximum internally generated 
voltage variation with time; The lines are ( ), the design program and 
(- ----- - - - .),measured [Fowler et aJ 1 989] . 
The very high experimentally obtained generator resistance evident in Fig 6.3(c) results 
from the very high voltage developed internally whi le the annature cone is expanding 
from the crowbar position, which can be seen in fig 6.3(d). Substantial energy losses 
occur when the armature cone makes contact with the uninsulated input ring (see 
Appendix C, Fig C. l) but these disappear gradually as the contact point moves along the 
cables comprising the helical stator winding. 
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6.2.2 The EF -3 generator 
The EF-3 generator delivers a medium-level current to a load of fajrJy hjgh inductance 
and is primed from a low-energy capacitor bank. It was developed at the Institute of 
Atomic Physics (Romania) and, from the data ava ilable [Novae 1989, Ursu et al 1990, 
Novae et al 199 1] the following information can be extracted for use as input to the 
model design program. 
The he lical coi l is of length 1500 mm and inside diameter 160 mm. It has 15 equa l-length 
sections; of 100 mm, see Table 6.2. 
Table 6.2 The 15 sections of the heli cal coil of the EF-3 generator. 
section pitch mm number of cable diameter mm 
para11el cables 
I 3.2 I 2.5 
11 3.5 I 3.0 
Ill 4.0 1 3.0 
rv 4.7 1 4.0 
V 5.5 ] 4 .5 
VI 6.3 I 4.5 
vu 7.9 2 3.0 
vrn 9.5 2 4.0 
IX 11.1 2 4.5 
X 14.3 3 4.0 
X1 19.0 3 4.5 
XII 25.4 4 4.5 
xm 35.0 6 4.5 
XIV 51.0 8 4.5 
XV 76.0 12 4.5 
The copper armature is of outside diameter 80 mm and thickness 3 mm. The cone angle 
is 13°, the detonation velocity is 7.7 mm11s-1, the crowbar diameter is I 07 mm, the load 
inductance is 110 nH and the priming current is 5 kA (from a 1650 11F, 4.5 kV capacitor 
bank). 
85 
Fig 6.4(a) and (b) show respectively the 
calculated time variation of the generator 
inductance and of its rate-of-change with 
time, and the presence of the fifteen 
stator coi l sections is clearly shown by 
the discontinuities of Fig 6.4(b). Figs 
6.5(a) and (b) compare experimental and 
computed time variations of both the 
generator current and its rate of change 
wi th time, and it can be seen that good 
agreement is obtai ned until the end of the 
detonation period. Beyond tills 
considerable divergence appears, with the 
experimental current reaching a peak and 
declining, but with the computed current 
continuing to increase. It is clear that, to 
obtain better agreement, generator losses 
other than the ohmic effects so far 
included must be taken into account, and 
this is considered in some detai l in the 
next section. 
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Fig 6.4: Calculated parameters of the EF-3 
generator: (a) the inductance variation with 
time and (b) the rate of change of inductance 
variation with time. 
Although these effects are not significant in the 1 MJ generator designed later they are 
included here for the sake of completeness. Fig 6.5(c) and (d) show respectively the 
variations in the generator resi stance and the generator internal voltage, and the presence 
of the separate stator sections is again apparent. Towards the end of the flux compression 
tills voltage reaches about 110 kV, which was too high to be sustained by the insulation 
of the cables, even when a 1.2 mm layer of polyethylene fo il was added along the coi l 
interior [Novae et al 1991] 
86 
3.5 
3.0 
2.5 
2.0 
MA 
1.5 
1.0 
0.5 
0.0 
0 
1.5 
1.0 
R, n 
0.5 
0 
0 
(a) 
so 
End of ----1~ 
detonation 
100 ISO 
time for crowbar f..IS 
(c) 
' 
.. 
··. 
50 100 150 200 
time for crowbar f..lS 
0.15 
0.12 
0.09 
diTNs 
dt 0.06 
0.03 
tOO 
80 
60 
V. kY 
40 
20 
0 
(b) 
0 
0 
50 100 150 
time for crowbar ~ts 
c ; 
50 100 150 200 
time for crowbar f..IS 
Fig 6.5: Characteristics of the EF-3 generator: (a) the load current variation with 
time; (b) the rate of change of load current variation with time; (c) the resistance 
variation with time; (d) the maximum internally generated vo ltage variation with 
time. The lines are ( ), the design program;(----- ), measured 
[Novae et al 1989, 1991] and ( ········ ·· ·· ··),the modified design. 
6.3 The inclusion of non-ohmic resistance 
The computed results presented in the 
previous section are substantially in 
agreement with corresponding measured 
results, at least to the accuracy achieved 
in prev ious studies. Neverthe less, 
the inclusion in the theoretical 
considerations of the non-ohmic loss 
mechanisms discussed below enables an 
even closer comparison to be readi ly 
obtained. 
contact 
region 
inadequately insulated 
w ires 
Fig 6.6: The mechanism for voltage breakdown 
losses, using a sinusoidal model for armature 
cone defects. 
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6.3.1 Non-linear diffusion of the magnetic field 
Two ways of calculating the effective resistances and inductances of a helical generator 
circuit have been described [Antoni et al 1975]. The first of these considers the di ffus ion 
process when determining the inductances and assumes a permanent loss of energy as the 
stator turns are removed from the circuit. The alternati ve, and more commonly adopted 
approach, neglects the diffusion process when calculating the inductances but includes it 
in the resistance calculations. There is no loss of energy at the contact point when the 
d iffusion process is kept linear by the imposition of a low value fo r the current density 
However, addi tional losses occur at the point of contact between the armature cone and 
the coil, where a high magnetic fie ld is developed as the volume of the wires heated 
under a nonlinear diffusion process is removed from the circuit Under these conditions, a 
modified skin depth o· must be calculated from [see Knoepfel 1970] 
(6. 12) 
where T0•K is the initial co il temperature, 8 is the magnetic t1ux density aris ing from the 
coil current and p and Cv are respecti ve ly the density and specific heat of the co il 
conductors. The additional loss is calculated as the magnetic energy contained in the 
volume between o and o* and the equivalent resistance is (see Appendix D) 
R d = 2flovdcl [o* (~ - o*) - o(~-o)] 
n 1t~2 n COS J3 (6. 13) 
where f3 is the angle made by the co il turn relative to a plan normal to the coil and vdcl is 
the detonation veloc ity. 
For a generator design in which the linear current density along the coil ax is is kept 
below about 20 MAm-\ calculation and experiment have both shown that, in fact little 
loss is produced by trus process [Antoni et al 1975, Pavlovski i et al 1980]. 
6.3.2 The 27t-clocking mechanism 
This loss appears whenever a coil section is not coaxial with the armature, and when the 
eccentricity exceeds (p/27t) tan a (where p is the coil pitch) the contact point jwnps 
unexpectedly ahead by one turn. The theory of this mechanism and a useful nomogran1 
for determining the corresponding loss is given elsewhere [Herlach 1979]. If the coil pitch 
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is small, as may be the case in the early sections of a stator winding, this loss mechanism 
is often the only one that needs to be considered . 
6.3.3 Geometric defects in the armature 
Most generator armatures are machined from a thick tube, when vibration of the cutting 
tool can lead to sinusoidal modulation of the armature diameter aJong the generator axi s. 
It has been shown both theoretically and experimentally [Antoni et al 1975], that these 
defects are amplified by a factor of between seven and nine as the armature expands. 
This process can generate multiple contact points and as a consequence leads to 
additional nonl]near losses. Similar defects can aJso result either from the use of an 
inhomogeneous armature material or too large a ratio of coil diameter to armature 
diameter. 
6.3.4 Voltage breakdown 
Overall , the most significant of the vanous non-ohmic loss mechanisms in a high-
inductance generator is the voltage breakdown that occurs between a co il and the 
armature cone. Near the contact point the electric field is sufficiently intense for a plasma 
region to be formed and, with ideal geometry, thi s ensures good electrical contact and 
prevents the lines of force leaving the region [Pavlovskii et al 1980] However, if 
armature defects are present and the generator geometry ts not coaxial, e lectrical 
breakdown is likely to occur ahead of the contact point and the plasma region. ln 
practice, the high voltage effectively amplifies the loss mechanisms that have already 
been described. For instance, the effective amplitude of the sinusoidal armature defects 
becomes the sum of the actual amplitudes and the breakdown distance V /E, where V is 
the voltage between the coil and the armature at the point considered and E is the 
breakdown field of the air or insuJating gas under these particular conditions, see Fig 6.6. 
For a detonation velocity vdct. the equivalent non-ohmic resistance is (see Appendix D) 
(6. 14) 
where A is the effective amplitude of the armature expansion defects in the presence of a 
voltage breakdown. 
The total non-ohmic resistance term of a generator is the sum of the components due to 
the effects described above, or 
(6.1 5) 
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which is effective only after the armature has made contact with the coil, when it has a 
significant effect on the current that is calculated. Results obtained using a more 
complicated generator model, in which the effects summarized by eqn (6.15) are 
included, are added to Fig 6.5, and it is clear that, although an improved accuracy is 
achieved, this is somewhat less than might be expected. However, although the 
maximum current prediction error is 35%, the error in the maximum current is less than 
10% while, during practical testing, the generator, even with improved stator winding 
insulation, had about a± 15% variation in the peak-current reproducibility. 
6.4 The helical generator design (FLEXY) 
The previous sections have demonstrated how various important features of a helical 
generator and its detailed performance can be calculated, and have confirmed the 
accuracy of these results by comparison with measured results. A formalization of the 
design process will now be presented, and its application illustrated in a new design of 1 
MJ generator. 
6.4.1 Basic input data 
The basic data needed for a generator design are summarized below, with the information 
for the specific design considered being given in parentheses. 
6.4.2 Capacitor bank 
The Mobile Pulsed Power Facility described in chapter 4 was used to prime the 
generator. The practice adopted here follows that used in most generators, where the 
input cables are connected to the armature and the coil. Systems also exist however in 
which the current is returned directly to the bank and not through the armature [Grover et 
a! l980,Pavlovskii et al 1980], thereby reducing the resistance of the generator. 
6.4.3 Load information 
A load inductance L1 of 40 nH and a maximum current lmax about 7 MA were chosen to 
satisfY the envisaged output conditioning experiments. The need to keep the linear current 
density to an acceptable level (ie below 0.2 MAcm-1) imposes a minimum outer diameter on 
the armature (l 06 mm). Normal practice is to produce the armature from tube that only 
needs machining on the outside, and to use copper rather than aluminium. 
90 
6.4.4 High-explosive characteristics 
A plastic explosive, (PE4), which was eas ily packed into the armature, was selected. It 
has an in iti a l mass density Pcx of ( 1. 71 x I 03 kgm-3) , and a detonation velocity 
vdet of (8.2 mmj..ls-1) . For helical generators, the output magnetic energy depends 
directly on the product PexVde1.1.Hex where .1.Hcx is the characteristic heat of detonation. 
(see Appendix A) 
6.4.5 Armature dynamics 
These are preferably obtained from field experiments using high-speed photography. 
Otherwise, a sjmple numericaJ code [Novae et al 1989] or a caJcuJation based on the 
Gurney model [Kennedy 1972] can be used. From the armature dynamics, the optimum 
armature wall thickness (9 mm) and cone angle (12°) are obtained. For an aluminium 
armature. the inner coil diameter (212 mm) should be about twice the armature outside 
diameter [Chernyshev et al 1980, Fowler et al 1989] wru le for copper a higher ratio is 
possible [Pav lovskii et al 1980, Chernyshev et al 1980, Antoni et al 1989] 
6.4.6 Maximum explosive charge 
A maximum permitted charge weight on the fuing range of about 15 kg restricted the 
armature length to 1350 mm. A length from the initiation point to the crowbar of 100 mm 
and the need for the end of the explosive charge to be one cone length (250 mm) beyond 
the output ring of the coil to avoid inertial movement set the maximwn coi l length at 
1000 mm. 
6.4.7 Crowbar 
If no measures are taken to match the input cables, the armature-crowbar distance must 
be sufficient to withstand the reflected input capacitor bank voltage (V cb) of about 2Y cb· 
6.4.8 Summary 
The above data define fully the generator geometry and provide sufficient information to 
enable the helical coil to be designed. 
6.4.9 Helical coil design 
A number of rules must be observed during the coi l design. 
9 1 
(i) The constant voltage (or constant electric field intensity) rule [Pav lovskii et aJ 1980, 
Chernyshev et a l 1980]. The requirement that the generator voltage should not exceed a 
set value V max is a major design concern, since the higher the value the greater is the 
energy muJtiplication ratio. Although values in excess of 150 kV have been used, it was 
shown in section 5.2.1 that voltages exceeding about 125 kV are accompanied by large 
increases in the generator resistance if inadequate insulation is provided to prevent 
prematu re breakdown. The use of a working gas at high pressure, such as freon or SF6, 
can reduce the chance of electrical breakdown [Shearer et al 1968, Degnan et al 1983].To 
satisfy the requirement that the present design should be simple, a value of I 00 kY was 
chosen fo r V mnx· 
(ii) The constant Linear current density rule [PavLovskii et al 1980]. It is common 
practice with helical generators to restrict the current density to less than 0.2 MAcm· ' as 
mentioned earlier. to avoid the development of non linear diffusion resis tances. 
(iii) The containment rule. Radial cable movement w ithin any section of the co il during 
the nux compression process, supposed asymmetric for conservati ve reasons, should be 
less than the 2n-clocking eccentricity allowable for that section. 
To simplify the coi l construction, the various section pitches are chosen as integer 
multiples of the cable diameter adopted. Add itional ly, the number of parallel cables was 
doubled between adjacent sections, whenever possible, although in the fi nal section 
consideration had to be given to both the largest diameter available and the cu1Tent to be 
carried. Furthermore, the overall winding was divided into a number of equal-length 
sections, as required by the computer code. The maximum possible number of sections 
was used, to ensure a smooth inductance-time characteristic, subject to the constraint 
di scussed in section 6.1.2 that the ratio of the coil inside diameter to the section length 
should not exceed 1.5. To provide a reasonable current dens ity margin, the design was 
based on a maximum load current of 9 MA, and designs were sought for different values 
ofVcb· In fact no design was found for Vcb = 20 kV, while Ycb = 30 kV was regarded as 
too near the primary source Limitations. 
The final design was obtained at Vcb = 25 kV at which, to obtain the necessary fina l 
parameters, a 11 20 mm stator coi l becomes necessary. The design parameters of the 
FLEXY are summarized below. 
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The helical coil is of length 11 20 mm and inside diameter 2 12 mm. It has eight equal 
sections, 140 mm (each),see Table 6.3 
The armature is of outside diameter I 06 mm and thickness 9 mm. [t is made from 
aluminium. The cone angle is 12°, the detonation velocity is 8.2mm!J.S- 1, the crowbar 
diameter is 172 mm, the load inductance is 40 nH and the priming current is 53 kA when 
the mobile capacitor bank is charged to 25 kV. 
Table 6.3 The sections of the helical coil in FLEXY 
Section Pitch (mm) Number of parallel Strands/diameter 
cables (mm) 
I 12 ..., ..) 
Il 18 3 
Ill 27 3 
IV 36 6 
V 54 6 
VI 84 12 
VII 140 20 
vm 180 20 
6.4.10 Design Limitations 
Computed results for the FLEXY 
generator, both with and without the 
inclusion of the non-ohmic resistance 
terms. are presented in Figs 6. 7 and 6.8. It 
is evident from Figs 6.8(a) and (d) that it 
was not possible to meet both the constant 
vo ltage and constant current density rules. 
This arises since the conducting cross 
sections corresponding to the coi l pitches 
required to satisfy the constant voltage 
rule and the skin depth, in both the coi l 
and the armature, are insufficient to fulfi l 
the constant current density rule. The high 
current required (7 MA) can only be 
obtained at the expense of a progressively 
decreasing internally generated voltage, 
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Fig: 6.7: Calculated parameters of the FLEXY 
I generator: (a) the inductance variation with 
time and (b) the rate of change of inductance 
variation wi th time. 
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and thus a decreasing energy multiplication. Practical evidence confirms that simple 
high-current, high-input-energy generators have low energy multiplication (see Appendix A). 
To prevent the decrease in generated voltage and energy requires the use of complex and 
10 (a) 0.25 (b) 
8 0.20 
6 0.15 
I, MA ~TA/s 
4 dt 0.10 
2 0.05 
000 
50 lOO ISO 200 0 50 lOO ISO 200 
time from crowbar. f..lS time from crowbar, f.IS 
02 \ (c) 150 (d) 
,~ 125 
0.15 I ~ R,O lOO V, kV 
0.1 75 
50 
005 
25 
0 0 
0 50 lOO 150 200 0 so lOO 150 200 
time from crowbar. f.1S time from crowbar. f.IS 
Fig 6.8: Predicted characteristics of the FLEXY generator: (a) the load 
current variation with time; (b) the rate of change of load current variation with; 
time; (c) the resistance variation wi th time; (d) the maxim um internally-generated 
Voltage variation with time. The lines are ), the design program and 
e----- ), the modified design. 
costly techniques described in chapter 2 section 2. 1.2, to provide the increase in the 
I(dUdt) term of eqn (6.2) wbjJe satisfying the current density rule. To satjsfy both the 
constant voltage rule and the constant linear current density rule requires either that the 
current is maintained at a reduced total energy gain or that the energy gain is achieved at 
a reduced current. If only high-energy multiplication is required then it may be obtained, 
if the current is kept low, by imposing a high-inductance load [Cbemyshev et al 1980]. 
6.5 Construction 
The physical arrangement of the FLEXY generator is shown in Fig 6.9. During 
manufacture the stator coil was wound on a special-purpose cylindrica l mandrel , with the 
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diameter tapered slightly along the ax is and the surface liberally waxed to facilitate 
Fig 6.9: Practical arrangement of FLEXY: 1, the detonator, pellet holder and 
Pellet; 2, high explosive; 3, the armature (aluminium) with extensions welded at 
each end; 4, the start plate (alwniniwn; 5, the separator plate (polyvinylchloride); 
6, insulator (polyvinylchloride); 7, the start ring (aluminium); 8, insulated crowbar 
bolts (three); 9, the helical coil ; I 0, fibreglass reinforcement; 11 , the inertial mass 
(concrete); 12, the end ring (aluminium); 13 and 17, load attachment rings; 14, the 
coaxial load (aluminium); 15, the armature end plug (aluminium); 16, the probe 
Holder (polyvinlchJoride); 18, the end plate (aluminium); and 19, the end screw. 
Broken lines show the positions ofthe armature cone at times I = 10, t 1 and 12. 
removal of the fini shed coi l. To assist further, the mandre l could be cooled by liquid 
nitrogen. After positioning the start and end rings of the generator (7 and L2 respective ly 
in Fig 6.9) the correct distance apart on the mandrel, the eight sections of the co il were 
wound in sequence. Single core, PVC-insulated, non-sheathed, stranded cables were 
used, having the number of strands and size of wires shown in the design parameters for 
FLEXY 
Fig 6.1 0 shows an interconnection being 
made between the cabLes of adjacent 
sectio n s, us ing the specia l soldering 
technique described elsewhere [Re inovsky et 
al 1985]. Supplementary insulation was 
provided at the joints, and the input and 
output cables of the ftrst and last sections 
of the coi I were terminated on lugs and Fig. 6.10: The joining of cables 
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bolted to the appropriate ring. It was found considerably more convenient to commence 
winding the coil at the load end (the bigger cables) and to join the cables of the last two 
sections prior to winding on the mandrel. To reduce the likelihood of voids, the several 
interconnections between sections having different numbers of turns were in different 
planes normal to the coil axi s. On completion, each section was bound with layers of 
fibreglass glued with epoxy res in, wi th add itional. reinforcement provided adjacent to 
both the start and end rings. Fig 6. 11 shows the completed coil on the mandrel, prior to 
application of the concrete casing (see section 6.6). 
Unmachined aluminium tubing I 06 mm 
in diameter and having a sag of less than 
3 mm over a length of 1500 mm was 
used fo r the armature. However, to 
obtain the length required by the design, 
it was necessary fo r the welded 
extensions shown in Fig 6.9 to be added. 
Plastic explosive (PE4) was hand-shaped 
into lumps about the size of a tennis ball Fig. 6.11: The completed coi l on its mandrel. 
and packed into the armature to provide the explosive charge. For simplicity the crowbar 
consisted of three insulated and symmetrica lly mounted bolts, positioned at an effective 
diameter of 146 mm, rather than in the more usual ring. 
When the armature cone made contact with the crowbar (at time t = to= 0 in Fig 6.9), the 
combined co il and load inductance was 37.5 J..LH (the value for the modified generator, 
see Section 6.6) and when the contact point entered the end ring (at time t = t2) the load 
inductance alone was 38 nH. Calibrated Rogowski coils mounted inside the load 
provided measurement of both the generator current and of its rate of change wi.th time, 
and the total error in the current measurement was estimated at below ±5%. The space 
between the annature the coil and the load was filled with SF6 gas via inlet and outlet 
valves in order to increase the voltage breakdown level for the interior of the generator. 
ll1e initial priming energy for the generator was obtained from the mobile capacitor bank via 
twelve paral lel-connected coaxial cables. (Refer to Chapter 5 for a detailed description). 
Crude estimates had predicted that the co il would survive the required 50 kA priming 
current discharge obtained with the capaci.tor bank charged to 25 kV without the add ition 
of any supplementary inertial mass. During a preliminary test however, intended to 
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calibrate the flux probes it however failed, with the first section being destroyed. A 
s imilar problem has been noted elsewhere lGoforth et al 1987] during a fu ll-energy fi ring 
test, and the solution adopted there was to change the capacitor bank to a Marx 
configuration, so as to inject the priming current at an increased rate. The approach 
followed here, was to leave the capacitor configuration unchanged and to use the inertial 
containment rul e to determine the changes needed to the generator design . The 
modifications required are discussed in the fo llowing section. 
6.6 An application of the containment rule 
The containment rule must be observed if the coil geometry is to be preserved during 
generator testing. Al though both axial and radial forces are present, the former are main ly 
important in the final stages of complex variable-geometry multi-megajoules generators 
[Cherynshev et a\ 1990] 
Since the tensile forces produced in the coil following a capacitor discharge are much 
greater than the yield point for copper, clastic forces will be neglected and calculations 
made on the conservative basis of considering on ly inertial movement (1-Jerlach 1968 J 
Thus, if Bi is the flux density at the coils of the ith section with an inner surface area Si, 
inner radius ri and mass m1. the radial force and corresponding rad ia l acceleration of this 
section are 
and 
m · I 
During the capacitor bank discharge the time variation of the flux density is 
(6. 16) 
(6. 17) 
(6. 18) 
where 8 01 is the value corresponding to the maximum discharge current and -r is a quarter 
period of the discharge. Integrating equation (6. 17) gives the coil displacement [Herlach 
1968] as 
8 2 s 2 [ 2 2 ( ) ] o oi i 't n t nt L\.ri (t) = --+cos - - I 
41J.omin2 2-rz t 
(6. 19) 
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Subsequently, between the armature making contact with the crowbar and the end ring, 
the flux density may be assumed to rise exponentially, from the value B~ (-c) 
corresponding to the maximum di scharge current, so that 
(6.20) 
From the equations above, the total rad ial di splacement is 
o · (s~ (-c)J s. 
Llf. (t) == 6 r. (-c)+ v 1 t + 1 1 exp(2At) 
l I 0 8 A 2 J..l om i' \ 
(6.2 1) 
i where v0 is the radial velocity at the end of the capacitor discharge. A sati sfactory 
constant for A can be estimated at the design stage and verified by experiment. The 
containment rule requires the final radial movement of each section to be less than the 
permitted eccentrici ty Ei for that section, or 
(6.22) 
where Ei is given by the 2n-clocking relationship presented in section 6.3.2. 
Calculations using eqn (6.21) established that it was 
impossible for the first coil section to meet the containment 
rule. even with a covering of concrete to provide add itiona l 
inertial mass. The generator design was therefore modified, 
wi th the cables of the ftrst section made identical to those of 
the second section and an overall 40 mm concrete sheath 
added to increase the inertial mass to I 0 kg for each section. 
Fig 6. 12 shows the completed FLEXY coi l, part concreted. 
This modification caused a reduction in the rate of change of 
the generator inductance, thus lowering the interior voltage 
and the overall performance. 
Fig 6.13 shows the radial movement of the eight coil sections 
throughout a generator firing test, calculated for the modified 
coil design using eqn (6.21) and 25 kV capacitor voltage. The 
left-hand result applies for the two identical first coil sections, 
Fig 6.12: The part 
concrete co il 
and the other s ix results apply in sequence for the remaining six sections. Scaling of the 
time axis is from the instant of c losure of the capacitor switch, the times t0 (= -c) and t2 
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are as identified in Fig 6.9 and the Roman 
numerals correspond to the instant at which 
the armature cone leaves the corresponding 
coil section. The eccentricities of the 
di fferent sections are included in Fig 6.13, 
which shows that for the new design all the 
coil sections satisfy inequality (6.22) for 
the max imum calculated capacitor current 
(shown later in Fig 6.1 5 by a broken line). 
Further calculations showed that a current 
of 30 kA produced a maximum tensile 
stress m the coils of 30 kg -2 mm , 
•=a. I t1 
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11 IV VI 
Ll.r.mrn 
1.5 I 
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// 
~ ~ ~ ~ ~ '/ ---::::: ~ 0 
0 150 300 
t ime, ~Ls 
Fig 6.13: The radia l movement of coil sections 
duri ng a firing test. The maximum capacitor 
current is 53 kA; the initial capacitor voltage 
is 25 kV .[Novae et al 1995] 
sufficientl y be low the yield po int of 40 kg mm·2 fo r it to be acceptable for pre-test 
purposes. This limited the corresponding capacitor vo ltage to about 14 kV. 
6.7 Generator testing 
To enable the generator to be eas ily 
transp01ted and manoeuvred, it was 
contai ned in the wooden frame seen in Fig 
6. 14. and usually mounted vertically on the 
fi ring platform with the explosive initiated at 
the top. This orientation with the explosive 
detonation front progressing towards the 
platform was regarded as the best for 
containing the explosive effects within the 
bunker . Mounting in tills manner, with the 
load close to the gap in the platform 
sandwich, also allowed additional load 
components to be positioned in the cavity 
Fig 6.14: The FLEXY generator on 
the fuing table. 
below the platform as described in section 5. 1.2. Prior to fi ring, the interior of the 
generator was pressurized to 3 atm with SF6 gas. Synchronization between closure of the 
switching connecting the generator to the capacitor bank and firing of the detonator for 
the high-explosive charge was based on data provided by the design code, and did not 
99 
account for either the breakdown time of the crowbar insulation or any variation in the 
detonation velocity of the high explosive. Nevertheless, it is evident from the capacitor 
cWTent waveform of Fig 6.15 that the armature cone makes contact with the crowbar 
very near the p redicted time t = to = 0 at which the maximum priming current was 
obtained. Fig 6.15 illustrates al so the effect of the generator action on the cWTent profi le, 
due to armature movement. At the instant of the cone-crowbar contact, the capacitor 
supplies 48 k.A to the generator, giving a priming energy of 43.2 kJ and an initial flux of 
1.8Wb. 
I ~ 
1 \ 
" 
\ \ . ../ / 
\ 
\ I 
\ To I 
1'-. 
time, 501Jsldiv 
Fig 6. 15: Test results - the current waveform 
measured by a se lf-integrating Pearson-Rogowski 
coi l at the capacitor bank output. The broken line 
is a prediction not accounting for any generator 
resistance variations due to armature movement 
after fi ring. After cone-crowbar contact (1 =0), 
the waveform corresponds to a 48m0, I ,4j.ls, 
250 j.LF discharge. 
Measurements of the load current and its 
rate of change with time obtained from the 
output of a flux probe are shown in Fig 
6.16, with the small irregularities in the 
current waveform of Fig 6.16(a) being due 
to the interconnection discontinuities 
described in section 6.5. The disruption 
towards the end of the rate of change 
waveform of Fig 6. 16(b) is probably 
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Fig 6.16: Test results - measurements from a 
flux probe coil positioned within the load: (a) 
the c urrent waveform and (b) the rate of cha nge 
of current waveform; t = 0 and t = ~ as shown 
in fi g 6.9. 
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caused by arcing between the armature and the outer uninsulated coaxial structure and 
the weld required for the armature extension, with the weld being unable to sustain the 
high final current density while expanding under the pressure of the exploding products. 
As described elsewhere [Goforth et a l 1990] a complex design is necessary to ensure 
opt imum coupling of the load to the armature. Nevertheless, as Fig 6.1 6(a) shows, the 
load current when the armature cone makes contact with the end ring is 7.3 MA, giving I 
MJ for the fi na l energy in the load. Wi th the corresponding flux of 0.28 Wb giving a 
magnetic fl ux conservation efficiency of 15.4% and a chemical-to-magnetic energy 
conversion effi ciency of 1.5%, FLEXY had an overall energy gain of twenty three, and a 
current multi plication factor of one hundred and fifty two Also, calculations showed that 
about 1 MJ of energy was d issipated in the various resistances discussed earlier 
6.8 Theoretical/experimental comparison 
Fig 6. 17 presents the principal theoretical pred iction for the generator performance, 
including only simple ohmic loss. Experimental results are added for comparative 
purposes, with the uncertainty in these being indicated. The equi valent resistance 
variations ofFig 6. 17(e) were calculated from 
R = _ L(dl / dt)+ I(dL I dt) 
I 
using values of I and dl/dt from Fig 6.16 and Land dL/dt from Fig 6.17. A number of the 
experimental da ta points exceed the predictions, possibly as a consequence of ax ia l coil 
movement. since e lectrical breakdown, severe 2n-clocking, and so on are w1l ikely to be 
important due to the correct application of the rules for generator design. There is also 
some error between the predicted and measured current profile of the generator, 
although, as with other designs investigated, the final value is accurately predicted. 
Fig 6.17([) shows that the maximum voltage interna lly generated during the experiment 
was less than 70 kV, a rather low value imposed by the containment rule. The higher 
voltage necessary for a greater output, with the FLEXY geometry unchanged, wi ll 
require cables with increased insulation. Other more complex designs [Chernyshev et al 
I 991] have used cables with a breakdown voltage of 60 kV, rather than the 30-40 kV of 
the present cables. Additionally, an increased energy output could be obtained by using a 
modified coil design, without exceeding the current waveform of FLEXY, by using an 
increased load inductance. 
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Fig 6.17: Predictions ofFLEXY performance with experimental data added: 
(a) the inductance; (b) the rate of change of inductance (c) the load current; 
(d) the rate of change of load current; (e) the equivalent resistance; and (f) the 
maximum internally generated voltage. The time is measured from armature 
cone-crowbar contact. Error bars on the symbols indicate the possible range of 
results 
6.9 Conclusions 
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This study has produced a simple and novel design method for explosive-driven helical 
generators, which can be used for either the performance prediction of existing 
generators or the design of future generator of high-energy output. Various practical 
rules, which should be followed when designing generators, were presented. For properly 
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designed high-energy generators, the insign ificant non-ohmic resistance contribution 
enabled an accurate prediction to be obtained of the current history of the Mark TX 
generator. (Very good agreement for the peak load current and magnetic energy were 
also obtained for the HEG-24 generator [Chernyshev et al 1980], for which insufficient 
information is available for a more detailed comparison). For smaller low-energy 
generators, for which it is difficult to avoid 2n-clocking, (and sometimes electrical 
breakdown of inadequately insulated coil s), the basic design model can substantially 
overestimate the measured load current When considerations of various non-ohmic 
resistances are included, good agreement was obtained with the final values of current 
and energy. 
No complex manufacturing techniques were required for the generator that was designed, 
with neither tilted pitch nor variable diameter coi ls being used, whi le the armature was 
unmaehined and filled manually with explosive. ix sets of component parts were 
manufactured, four FLEXY generators were assembled and tested, and three of these 
were filled with explosive and fi red. The main featu res of the first generator are 
summarized below. 
Overall length: 
Maximum diameter: 
Armature plus coil weight 
1.8 m 
0.45 m 
and associated components: 65 kg 
(excluding explosive and added concrete) 
Explosive weight: 15 kg 
Concrete weight: 80 kg 
Initial energy/current: 
Final ene rgy/current: 
40 kJ/50 kA 
1 MJ/7 MA 
T ime of operation: 160 )..lS 
Cost of materials for one generator: approximately £600 
Time for manufacture: two technicians working for 2 weeks 
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Chapter 7 
OVERVIEW OF HIGH-ENERGY PULSED POWER CONDITIONING AND 
SWITCHlNG FOR FLUX COMPRESSION GENERA TORS 
One particular feature of the flux-compression generator is that the final energy is 
contained in a magnetic field, where the stored energy is many times greater per unit 
volume than it would be in the electric field of a capacitor. However, when the energy is 
released as a pulse, the rise time is far too long to meet the nanosecond output rise time 
requirement of the present study, for other applications such as X-ray o r high-energy 
particle generato rs, or for proof-of-princ iple experiments in thermonuclear research for 
which flux-compression generators are otherwise well suited. It is necessary therefore to 
condition the output pulse by compressing it in time, so that the energy is transferred to 
the normally inductive load at a greatly enhanced rate. A circuit using one or more 
stages of conditioning, with each stage comprising an opening and a closing switch, 
convenienlly accomplishes this process. 
This chapter examines firstly the concepts involved in the magnetic energy transfer 
process, and then describes briefly typical opening and closing switches for use in each 
stage of conditioning. Those switches most relevant to the present study are described 
more fully in a later chapter. 
7.1 Magnetic energy transfer 
In the basic arrangement for the pulsed 
transfer of energy shown in Fig 7.1, the 
ajm is to transfer to the system W2 (the 
load), as quickly as possible, the 
magnetic energy that has been 
accumulated relatively slowly m the 
system W I (the source). Using the 
s 
(closing switch) 
w2 
(load) 
Fig 7.1: Arrangement for a magn etic energy 
Transfer system. 
opening switch Q and the closing switch S in sequenced operation, increases the volume 
occupied by the magnetic flux, and leads therefore to a decompression of the energy and 
a reduction in the overall energy density. 
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R(t) 
(Q) 
An illustration of a simple energy 
transfer circuit is given in Fig 7.2. where 
it is required to transfer energy very 
quickly from the inductor L 1 (ie the 
source W1) to the inductor L2 (ie the load 
W2). It wil l be assumed that the ene rgy 
deposited in the resistor R(t) causes it to 
change in resistance very quickly to a Fig 7.2: A simple energy transfer circuit 
va lue sufficiently high for the current through it to be neglected as soon as the switch S 
is closed. The resistor therefore effectively functions as the opening switch Q. 
lf the current flowing in the circuit fo rmed by L 1 and R(t) before the switch is closed 
is 11, and that flowing in both L1and L2 immediately after it is closed is 12, constant flux-
linkage considerations show that 
(7 .1 ) 
while energy conservation considerations show that 
(7.2) 
where EQ is the energy Lost in the resistance during the transfer process. 
Jt follows from eqns (7. 1) and (7.2) that 
(7.3) 
and also that 
(7.4) 
where E1 = ~ L1 1 ~ and E2 = ~ L2 1 ~ are respectively the energy initially stored and 
that delivered to the load. Consideration of eqn (7.4) shows that the maximum output 
energy for a given input energy is obtained when L 1 = L 2 and E 2 = ~ E1, 
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demonstrating that only 25% of the energy available in W1 can be transferred to W2 and 
that 50% of it has to be lost. There are, however, a number of important practical 
situations in which thi s result is not relevant. For example, the initial storage inductor L 1 
may be part of an active device, such as a flux-compression genera tor, for which 
(dL 1/dt) < 0. This will cause a supplementary pumping' of magnetic energy to the load, 
once any opening and closing switches have functioned, which can lead to an increased 
efficiency of the transfer process. Additionally, it is not always the highest efficiency 
that is of prime importance, and sometimes it is the maximwn possible time 
compression of the output current pulse deli vered to the load that is sought. 
At first sight the energy loss in the circuit of Fig 7.2 resulting from the switching 
operation is puzzling, and it is informative to consider the analogy between magnetic 
energy transfer and the operation of a heat engine, and to recall the statement of the 
second law of thermodynamics that the total entropy of a thermally insulated system is 
increased in any process in which there is a transfer of energy between one or more of 
the subsystems of the overall system. A thermal system receives energy in the form of 
heat and deli vers part of thi s to another cooler system. In order to do work, as energy is 
transferred from the source to the load, a further part of the initial energy must also be 
del ivered to some medium. This is because as the entropy of the whole system (W1 + 
w2 + Q) increases, due to the interaction between the subsystems, the preservation of 
the entropy of some subsystems (W 1 and W2) requires that of the o ther (Q) to be 
increased. Interpreting this concept for the magnetic energy transfer process of Fig 7.2 
shows that, in order to de liver ' high-qua lity' magnetic energy to the inductor L2, it is 
necessary to lose ' low-quality' heat energy in the resistor R(t). 
The very short ri se time of the energy transfer to the load of Fig 7.2, required in a 
number of practical situations, is a complex fu nction of the voltage produced across 
R(t), the ratio L1/L2 and the magnetic energy accumulated in L1• However, in situations 
where a fast transfer of energy is not important, replacement of the resistor R(t) by a 
capacitor enables the theoretical efficiency of the transfer process to be raised from 25% 
to I 00%. As the ftrst part of this process, the inductive energy initially existing in L1 is 
all transferred to the capacitor as electrostatic energy, and by a subsequent switching 
process it is then all passed on to L2 as inductive energy. This introduction of a stage of 
complementary energy in the capacitor has a clear counterpart in mechanics where, in 
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order to transfer all the kinetic energy from one body to another, a stage of 
complementary energy produced by elasti c forces must be introduced. 
7.2 Opening switches (OSs) 
When a switch is used to 'open' a circuit it i.s necessary for its resistance to increase 
rapid ly by at least two orders of magnitude between the initial conductive state and the 
fina l open state , and also for it to withstand the high voltage to which it is subjected. In 
high-current (MA) applications the open resistance of the switch may be much less than 
1 Q . Many possible forms of opening switches have been proposed, with those 
discussed below all having found extensive use in practical flux-compressor 
applications. 
7.2.1 Exploding metallic fuses (EMFs) 
Exploding meta llic foi ls (often termed fuses) have been by far the most commonly used 
type of opening switch throughout tl1e history of pulsed power research. Metallic 
conductors of copper, aluminium, etc, are used, in the form of wires at low energy 
levels (kJ) and as fo ils at high energy levels (MJ). Foil s are normally embedded within 
an insulating m edium, which can serve to both inhibit electrical breakdown and to 
minimise the damage caused by the explosive nature of the fusing process. The med ium 
can be solid (quartz sand granules, alumina, polythene, Mylar , etc) liquid (water, etc) or 
gaseous (air, nitrogen, etc) or sometimes a vacuum. In addition to the use of many 
different fo il geometries, a range of techniques, such as the use of an external cooling 
agent, a multiple-layer surrounding medium or a laterally applied pressure, have all 
been used to increase the resistance ratio that is obtained. The ratio itself is dependent 
on tbe rate of energy input to the fuse with time, with a typical figure of between 200 
and 300 for fuses exploded in microseconds be ing sufficient in some cases to generate 
more than 300 kV across the switch as it opens [Reinovsky 1987). 
Simple phenomenological models for exploding foils can be developed from capacitor-
powered experiments and subsequently used to predict and optirnise the results of 
similar experiments. However, when foi ls are used with flux-compression generators, 
the very much longer time profi le of the current pulse that is then produced causes the 
foi l behaviour to be significantly affected by hydrodynamic action in its gas phase. For 
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many associated conditioning applications a detailed numerical model, using an 
advanced atomic database, must be developed for accurate performance prediction. 
7.2.2 Explosively formed fuses (EFFs) 
To overcome the above problems, and to provide accurate control of the burst time, the 
explos ively formed fo il (EFF) opening switch shown in part in Fig 7.3(a) has been 
developed. The initial explosive action of the detonator E is constrained to force the 
relatively thick fo il F, which the 
cUITent by itself will not cause to 
explode, into a series of insulated 
grooves 1. As a consequence thinner 
regions are fo rmed in the foil, as 
shown in Fig 7.3(b), which themselves 
E 
F 
explosive 
force 
(a) (b) 
behave as exploding foils. However, Fig 7.3: An explosively formed foil fuse 
although this arrangement achieves a (EFF) (a) before operation. (b) after operation. 
performance much improved over that of a simple exploding foil, it is difficult to 
implement because of the complex technology that is involved. Either linear or c ircular 
geometry can be used for an EFF. 
7.2.3 Plasma opening switches (POSs) 
When very short duration output pulses are needed with rise times of the order of 
nanoseconds, the plasma-opening switch provides the only solution so far known. The 
two very different switches described below have been developed for quite different 
applications. 
(i) Plasma flow switch (PFS): 
Fig 7.4 (a) shows the typical coaxial ' gun' electrode geometry of a plasma flow switch, 
with a cylindrica l load connected at the muzzle-end. Current from the power source 
flowing through the fine meta llic wire array causes this to explode, and the annular 
plasma sheath that is formed is accelerated longitudinally, as shown in Fig 7.4(b), by the 
magnetic force that arises from interaction between the current and the magnetic fi eld 
that it produces. The opening action of the switch occurs as the plasma emerges ax ially 
through the muzzle of the coaxial gun, where the magnetic forces cause the low mass 
density components of the plasma to tw·n the corner at X. Fig 7.4(c) shows that these 
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components collapse radially inwards to the load, thus connecting it into the circuit. This 
type of switch has been widely used in the production of large quantities of soft X-rays. 
fTom power source 
. ' . ' • + 
(a) (b) (c) 
Fig 7.4: Plasma flow switch (PFS): (a) electrode geometry; (b) initial movement 
of plasma; (c) plasma coll apsi ng onto liner. 
(ii) Plasma erosion opening switch (PEOS): 
Both the coaxial geometry of tllls type of switch and its method of operation can be 
visualised from Figs 7.5. Low-temperature 
carbon plasma is produced by the 
Dashboard (a special-purpose plasma 
gun) and injected at a drift velocity vd 
into the space between the e lectrodes. 
The physical principles of the ensu ing 
switch action are complex and, although 
it is now almost twenty-five years since 
the first working model was produced no 
complete and universally accepted 
; vd ; .__ Flashboard 
ANODE 
Plasma ... 
i 1P Gauze / ll 
----- .1(' ----------" 
t t 
explanation has yet appeared. Fig 7.5: The PEOS switch arrangement 
Neverthe less, the simplistic representation given below for a four-phase opening 
process, used as a basis for a zero-dimensional model [Ottenger et al, 1984) for the 
PEO , provides an insight into the phenomena that underlies the switch operation for a 
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fast ri sing input current pulse, (about lOO ns) where plasma displacement due to 
magnetic forces can be neglected. 
During the initial conduction phase of the PEOS, Fig 7.6(a), the plasma behaves as a 
good conductor, connecting the electrodes. As a 
result of the plasma ion motion, rugh electric fi elds 
are developed at the cathode surface, generating 
electrons with a bipolar space-charge-limited 
conduction through a neutral region (the gap) as in 
a conventional diode. When the input current I in 
exceeds a critical tlu·eshold value lop that is too 
great to be maintained by the drifting plasma ions 
the gap widens (ie it is ' eroded'), and the switch 
starts to open, Fig 7.6(b). A high voltage is 
generated across the increased resistance of the 
switch and transfer begins of the input cunent 
from the plasma to the load. In Fig 7.6(c) l in has 
increased beyond a value le at which the magnetic 
forces deflect the electrons from their radial paths, 
with consequent enhanced erosion, and rapid 
increase of the load current. In the final stage 
shown in Fig 7.6(d) the electrons change direction, 
and return to the cathode before they reach the 
plasma, thus establishing a very effective 
' magnetic insulation' . 
For longer rising input pulses the plasma is 
D 
Plasma 
l~ l \ 
(a) 
(b) 
(c) 
l in IL >> le 
~·~-----------.~--
(d) 
Fig 7.6: Four phasesofPEOS 
operation. (a) Conduction . (b) 
Erosion.( c) Enhanced erosion. 
(d) Magnetic insulation 
displaced both axially and radially due to the magnetic forces, making details of the 
opening mechanism more speculative. An explanation of the opening conditions is 
gradually emergLng from measurements (described in Chapter 9) of the plasma 
movement and density distribution. 
Presently, the PEOS provides the fastest opening swi tch available. By generating a 
voltage exceeding l 0 MY it has enabled currents up to about 5 MA to be transferred 
with a rise time of less than 10 ns. 
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(iii) Inductive switching (IS) 
In the opening switches considered above. the high voltage necessary to transfer current 
from the switch to the load was developed across a resistive element. Alternatively, this 
voltage can be produced using a ballast inductor Lb fed from a flux-compression 
generator. With Lb replacing R(t) in the circuit of Fig 7.2, the transfer voltage becomes 
Lb(d l1 / dt), since the switch S is open. In practice, the voltages that can be produced 
by this technique are lower than those in the case of, say, a fuse, leading to a 
correspondingly longer rise time of the transferred current. 
An inductive switching technique is possible only when usrng a flux-compression 
generator or other power source that (unlike a capacitor bank) generates a high rate-of-
change of current at the time when the current is near a peak. It is clearly difficult to 
define the transfer efficiency for this process, as the flux-compressor is active during the 
trans fer. 
7.3 Closing switches (CSs) 
Although closing switches are much simpler in construction than opening switches, they 
pose the very difficult problem of synchronisation. with the load circuit having to be 
connected to the conditioning circuit at a predetermined switch voltage. The switches 
described below have been selected from the many that are available as those that are 
mosc useful and relevant. 
7.3.1 Detonator-activated closing switch 
(DACS) 
Possibly the s implest and most freq uently 
used method for closing a pulsed-power 
circuit is to use the detonator arrangement 
shown in Fig 7. 7 to destroy the insulation 
between two conductors, by penetrating it 
with an explosively activated metallic jet. 
A fast and precise detonator, with a timing 
jitter of only some tens of nanoseconds, 
fires a small explosive charge to create the 
Fig 7.7: Detonator activated closing switch 
(DACS): (a) before activation ; (b) after 
activation. 
ll I 
jet by means of the shape charge or Monroe effect. 
Although highly effective, this type of switch can only be used in situations when it is 
possible to know in advance the precise timing of the associated opening switch. For 
very high current transfer, several DACS wi ll be used in parallel. 
7.3.2 Dielectric breakdown closing switch (DBCS) 
Although a very simple closing switch with a preset breakdown voltage is obtained by 
the use of a dielectric situated between two electrodes, signjficant technical difficulties 
arise when it is used in high-current, low-inductance systems. 
7.3.3 urface discharge closing switch (SDCS) 
This type of switch is made by correctly positioning two electrodes on an insulated 
surface, along which a multichannel discharge is self-triggered at a preselected electrode 
voltage. The switch is simple to make and, since the jitter is small if it is used 
repetitively, accurate auto-trigger contro l can be added. The inductance is low, and 
switches can be are used at voltages up to 200 kV, when the cwTents may reach several 
megamperes. 
A number of unresolved difficulties however remain when an SDCS is used in single-
shot applications, arising mainly from the dependence of the switch behaviour on the 
polarity profile of the applied voltage. 
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CHAPTERS 
EXPLODING CONDUCTORS A OPEN ANO CLOSING SWITCHE 
Exploding foils (EFs) are possibly the most useful devices to produce the sharpening 
required in the initial opening circuit stages of a conditioning circuit when the specific 
energy input ra tes are high, although as demonslrated later, they are less e ffecti ve al 
lower input rates. Explosively fo rmed foils (EFFs) can be used to overcome this 
difficulty, by forc ing a thick current-carrying conductor into insulator grooves to 
generate thin conductors which act in a similar manner to conventional foi ls. T hi s 
enables the EFF to control the instant at wh ich the circuit is opened . However a complex 
triggering ci rcuit is required to initiate the explosion, whi le further di fficulties can arise 
in flux compressor applications through the necessity to accommodate the EFF and its 
initiating circuits within the total explosive package. 
Explosive foils are simple, operate automaticall y and give reproducible results, and the 
use of multiple stages of thinned opening fuses can minimize the inherent deterioration 
in performance at low rates o f specific energy input. Automatically operating 
conditioning c ircuits us ing exploding foil opening (FOS) and closing (FCS) switches can 
be designed fo r a wide range of input current profiles. 
ince in genera l the performance of a foi l as an opemng switch improves with a 
reduction of its thickness [Wil kinson et al 1985], 17 J..lm copper fo ils were chosen to 
sati sfy both the practical use and the fo il area requirements for the experiments 
env isaged. 
8.1 Resume of chapter contents 
8.1.1 Chapter aims 
( i) To obtain, from the results of capacitor-bank driven experiments, a simple empirically 
derived curve of dynamic resistance against energy input for the copper foil a nd 
subsequently to use this as a sub-routine in a numerical solution of the foi l switchi ng 
circuits. 
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(ii) To investigate the behaviour of foi ls driven by the large currents provided by the 
Flexy nux compressor. 
(iii) To investigate and to demonstrate the use of exploding foil opening and closing 
swi tching in current transfer circuits. 
(iv) To demonstrate the characteristi cs and practical implementation of the EFF and to 
provide data for its use in a numerical circuit solution. 
(v) To investigate and to demonstrate the use of transformers and crowbarring techniques 
in fast current-switching circuits. 
8.1.2 Preliminary investigations 
The experimental studies are preceded by a brief historical survey of the progress of 
exploding wire and foil (fuse) research, and a li st of important information sources. This 
is followed by a general description of fuse behaviour in relation to the di ssipated energy 
and circuit specific action. lnformation, empirical data and details of the methods used to 
dimension the fo il in capacitor bank and nux compressor driven circuits complete the 
info rmation required for designing the exploratory experiments. 
8.1.3 The experimental studies 
The studies begin with a description of experiments aimed at demonstrating the opening 
techniques and providing information for the EF empirical model. Comparisons between 
the experimental and predicted results obtained from a computer program follow. 
The chapter continues with a description and analysis of the results of FC driven EF 
experiments conducted on the firing range. A study of a capacitor bank driven EFF also 
conducted on the firing range then follows. The circujt layout and electrical and 
explosive components are described, and an empirical model extracted from the resul ts is 
given. 
An automatically operated EF closing switch used in capacitor bank driven current 
transfer circuits is described next. An empirical model, and details of its operating time 
extracted from the experiments for inclusion in the numerical solution of the transfer 
circuit are given. The equations and method used in the numeri cal solution of switch 
transfer circuits follow, together with comparisons between predicted and experimental 
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results. A detailed discussion of both s imple and more efficient but difficult to arrange 
EF circuit layouts completes the studies ofEF current transfer circuits. 
The chapter concludes with a discussion and presentation of some faster switching 
techniques. These include a comparison of the predicted and experimental results of an 
EF conditioning circuit with an output transformer matched to a load, together with a 
theoretical study of the optimum performance of the EF, and a nove l crowbarring 
technique for FC driven conditioning c ircuits. 
8.2 Historical survey 
True scientific interest in the electrical clis integration of fine wires and fo ils began in the 
1950s, although the experiment itself is old. In 1774 [Maime] reported the experimental 
use of an exploding wire positioned at different points in a series circuit to prove that the 
exploding phenomena and hence the current was the same. However, ne ither his nor 
subsequent papers, fai led to generate much scientific interest in the phenomena until 
[Anderson 1920] , often referred to as the father of scientific exploding wire studies, 
showed that temperatures approaching those of the sun could be produced in thin wires. 
Further progress was slow, due to a lack of equipment sujtable for the s tudy of processes 
as rapid as a wire explosion. The first scientific investigation of exploding wires for their 
own sake is attributed to (K1een 193 1 ). Other significant papers folJowed, but it was not 
until after World War I1 that new and fast microsecond techniques and the availability of 
fast capacitor banks enabled rapid progress to be made. 
8.2.1 Information sources 
Excellent accounts of the experimental and theoretical work undertaken in the 1 950s a nd 
60s are conta ined in the proceedings of four conferences devoted exclusively to 
explod ing wire phenomena. These were all held in the USA and published in (Exploding 
Wires ed by W G Chace and H K Moore 1959-64) and in numerous articles in research 
journals. The proceedings of the biennual [IEEE Pulsed Power and Megagauss 
Conferences] are also valuable sources of exploding wire and foil applications. 
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8.3 Behaviour of clcctricaiJy self-heated wires and foils 
The behaviour of fine wires and thin foils (termed fuses) heated by their own current 
depends upon a complex mixture of their material (often copper or aluminium), 
geometry, (particularly thickness) [Wi lkinson et al 1985), surrounding medium, current 
density, and the temporal hydrodynamic processes appl icable to the particular conditions 
I Chace G W 1962]. The time taken to pass through each of the thermal phases between 
the solid and vapour conditions, depends on the rate of specific energy input in each 
phase. Low energy rates, with consequent long thermodynamic time scales (particularly 
in the boiling phase) allow hydrodynamic effects to play a significant part in the 
disintegration phenomena, causing the material to rupture in a haphazard manner as 
illustrated by the common household fuse. For large input current densities, say 105 A 
mm-
2
, with fast rise times such that the fuse reaches its boiling temperature within 10 J-LS 
or so, the vapour phase is completed in about I ~s. The hydrodynamic effect during th is 
brief timescale are inhibited by the material inertia and the larger magnetic forces, and 
under these conditions the fuse explodes in a violent but orderly manner. 
Fig 8. 1 shows the radial expansion of the vaporised copper and incident blast-wave, 
produced by a 22 SWG 13 cm long copper wire that exploded in 4 ,us. The event was 
viewed via a s ingle-lens Schlieren system 
and 50 ~s xenon Oash and recorded on an 
lmicon image-converter camera operated at 
I 06 frames per second with an exposure 
time of 0.2 J..LS. The result, which is 
repeatable, clearly demonstrates the orderly 
nature of the explosive behaviour. The 
radial blast wave that can be seen moving 
ahead of the vapour on the original 
negative, accounts for some 30% of the 
energy dissipated in the wire, and was used 
to impact plastic cylinders mounted 
coaxially with the wire, in an investigation 
of their dynamic properties at high rates of 
stra in. lParry et al 1990] 
Wire 
Fig.8.1: The radial expansion with incident 
blast wave from a 22 SWG copper wire 
exploded in 4f.1S 
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8.3.1 Fuse resistance 
The marked increase m a fuse resistance during the vapour phase can reach a few 
hundred times its cold value when the explosion occurs in microseconds, and has proved 
to be useful as an open-circuiting switch. The phenomena has been attributed to a low 
conductivity vaporisation expansion wave proceeding inward from the fuse surface 
[Bennet et al 1964], that effectively reduces the high conductivi ty cross-sectional area. 
This thereby inc reases the current density in the fuse and, as a consequence, raises the 
temperature ahead of the wave by many orders of magnitude. 
8.3.2 Restrike 
Restrike or reignition is the name given to a fuse phenomena resembling vol tage-
breakdown that can occur when the fuse becomes fully vaporised, or later as the low 
conducti vity metal vapour is expanding. lt has been shown to be a complex function of 
the vapour density and temperature, the enclosing medium, and the voltage across the 
fuse. Re ignition may be due to ionisation occurring within the vapour [C hace et al 1959]. 
Chace asserted that the initiaJ vapour density is too high for electrons moving in the 
electric field of the fuse to acquire sufficient energy between co llisions to produce 
ionisation by impact, but as the vapour expansion continues and its density fall s the mean 
free path of the electrons increases and ion isation by impact and attendant avalanching 
occwTs. Ionisation of the air around the fuse may also induce restrike [Reithel et al 
1962], with the ionisation attributed to the ultraviolet radiation and the shock-wave 
produced by the explosion process. If the voltage across the fuse is sufficien tl y high 
restrike around the fuse can occur. 
8.3.3 Tamping or quenching 
Restrike can be inhibited by enclosing the fuse in a medium that serves to restra in (tamp) 
the expanding vapour, thereby keeping its density and pressure high, or cooling 
(quenching) it. A ra nge of gaseo us, liquid, so lid , and granular media have been 
tried [Guenther et a! (Ed) 1987]. Small glass granules packed around the fuse is the 
medium used in a large number of applications, when e lectric fields up to 6 kV /cm can 
be maintained across the fuse before restrike occurs. The granules also provide an 
excellent attenuator of the attendant shock wave and thereby allow the fuse to be 
assembled in a non-destructive cassette form. 
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8.3.4 Action and energy 
8.3.4.1 The circuit action 
The specific action gvm accumulated in an exploding wire circuit, carrying a fast rising 
current up to the time tvm, when the voltage across the wire reaches a max imum value 
V 111, can be regarded as substantially constant and determined only by the nature of the 
material [Tucker et at 1959, Andersson et al 1959). Specific action is defmed by 
(8.1) 
where A = the cross section of the wire 
and this relationship was found experimentally to hold for a wide range of wire cross-
sections and lengths and for current densities between 0.15 x I 06 A mm -2 and I 06 A mm-2. which 
are typical of those used in the present studies. 
Action is a very convenient function, since it only involves a measurement of current The 
use of energy as a fuse variable would require measurement of both current and voltage 
to determine its value, and unlike action, its value at tvm increases with both current 
density and wire diameter. The constancy of the specific action is due to the fact that the 
largest proportion is accumulated during the solid and liquid heating phases. and that the 
val ue is fairly insensitive to the complex changes take place during the brief vaporisation 
phase. The major fraction of the total energy is however deposited during this final 
phase. 
The basic assertions outlined above have been verified in many experiments and have 
been shown to apply also to thin foi ls typically 20 ~Lm thick [Dimario et al 1970]. 
The specific action assumes its most convenient value for design purposes when 
evaluated at the time tb (referred to as the time of burst), at which the foil has reached its 
boiling temperature at a dissipated energy close to the handbook value. The foi l is just 
entering the vapour phase and is starting to increase rapidly in resistance. and 
(8.2) 
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The specific action at the time of burst for copper and a luminium foils are given in Table 
8. 1 [Tucker et a t 1975]. The ranges of expected max imum resistance ratios (Mr) for fuses 
in typical circuit arrangements, are also included in the table . 
It is usefu l to introduce an "equivalent action" time 'tea to account for the variety of 
current source profi les that can deliver action to the fuse, eg a capacitor bank or a flux 
compressor, as will be seen later. 
t r 2 
' ell = - 2 ~ 1 (I) dt 
1, 
(8.3) 
where -rea can be regarded as the time over which the action would accumulate if the 
current was constant at I (t). Eqn 8.3 can be evaluated analytically for a sinusoidal 
current waveform of quarter period 'tq, giving 'tea= t q /2. 
8.3.4.2 Ois ipated energy 
The spec ific energy Eb needed to bring a fuse to the burst condition determined 
experimenta lly, approx imates to the ca lculated one us ing tabulated values of the specific 
and latent heats for slow adiabatic heating at atmospheric pressure for the fuse material 
[Keilhacker 1959, Removsky et al 1982]. T he specifi c energy for copper and aluminium 
at burst are Eb::::: 1.3 x 106 J kg-1 and Eb::::: 3.2 I 06 J kg-1• Beyond burst the energy requ ired 
to vaporise foil fuses increases with both th ickness and current density l Dimareo et al 
1970]. 
For fuses approx imately 25 f.!m thick a nd c urrent densities within the range of ( 1.5 to 4) x 
I 05 A mm-2, a mean energy (sv in Ta ble 8. 1) for vaporisation of 5.8 I 06 J kg-1 and 9.8 I 06 
J kg- 1 fo r copper and aluminium is regarded as acceptable fo r approx imate initi al fuse 
c ircuit design [Tucker et al 1975]. 
Table 8.1: Foil material and fusing consta nts 
Copper 
Density (p ) kg m-3 8.9 X 103 
istivity f.!oO-m 1.72 X J0-8 
nstant at burst (gb) A2sm-4 1.27 x l0 17 
nergy to vapori se the foil (Ev) J/kg-1 5.8 X I 06 
Resistance ratio (Mr) 100 - 250 
·-
A lumi ni um 
X 103 
X JQ-8 
2.7 
2.62 
0.5 
9.8 
X JO I7 
X 106 
200 - 300 
'---
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8.4 Estimating the fuse dimensions 
The aim of the initial experiments with exp loding foils was to provide data for compiling 
and testing an empirical model of an exploding foil over a range of circuit conditions. 
Optimisation of the foil and circuit parameters was a secondary consideration. 
An important cons ideration, when a foil is used as an opening switch in an inductive 
circuit, is the maximum voltage V max that occurs at time tvm during the rapid increase of 
its resistance Rr and the consequent reduction of its current during the vapour phase. 
When transferring current rapidly into a low inductance load L1 connected across the foil 
at time tvm, the initial transferred current derivative i, = Vmax I L, needs to be as large as 
possible. 
8.4.1 For capacitor bank driven experiments 
The cross-section of a fuse in a discharge circuit was determined from Eqn (8.2), with 
Jb ! 2dt equated to the action accumulated at the se lected time of burst on the waveform 
profile. The fuse length 10 was obtained by equating the energy to vaporise it to a 
substantial (see later) fraction a of the energy Eb remaining in the circuit at burst. Then 
or from Eqn (8.3) 
where 'tea= 'tq I 2 for a discharge current increasing sinusoidally and 
aEb lo=--
Ap€,. 
where pis the density of the fuse material. 
(8.4) 
(8.5) 
(8.6) 
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Burst for the initia l exploding foil experiments was arranged to occur in a range o f times 
about the first current maximum Om) where from eqn (8.3) the action accumulated by a 
sinusoidal waveform of quarter period "tq is 1,~ rq I 2, and from eqn 8.4 the foil cross 
section w ill be 
( 
r )X A= ! - "-
"' 2 gh 
(8.7) 
In most cases the energy lost up to the time of burst makes little difference to the current 
or waveform profil e and is normally neglected in first order calculations. 
8.4.2 For flux compressor driven experiments 
Equations (8.4) to (8.7) were used to dimens ion the Flexy driven fuses. Values for the 
action and energy accumulated at the time selected for burst were extracted from the 
experimental results of a Flexy firing. It seemed reasonable to suppose that the best time 
to select for burst to occur with a consequent max imum voltage V m across the fuse was 
close to the end of the Flexy run where the current and energy are high. Consideration o f 
the equation de rived below for V m [Reinovsky et a l 1989] however shows that this is 
incorrect. 
A simple mode l for the fuse that assumed that the resistance increase beyond the burst 
condition at tb can be approx imated as a linear rise to time tvm when the voltage across the 
fuse reaches its maximum value V m, at a fuse resistance Rvm and an overall resistance 
ratio of (M1)vrn was compiled. It was deduced from the model that V01 will be produced 
across the fuse when the current and dissipated energy are 0.61 and 0.63 of the ir value 
a t tb respecti ve ly. It foll ows the refore that a (mentioned earlier) should be a t least 
0 .63, and that Vm = 0.61 I b Rvm = 0.6 1 lb Ro (Mr)vm where Ro = ).to lo /A, and by 
substituti ng eqns (8.5) and (8.6) for A and lo gives 
o.3k0a( M 1 )vm <I> b V.., ___ ____.::. __ _ 
m 
(8.8) 
where k0 = ).to g b I Ev p = 0.0423 cons ists of material constants listed in Table 8.1 , and <Db 
is the flux linkage (Lb Ib) at burst. 
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Clearly V m can be increased by 
. . (Mr),m and <l>o or by mcreasmg 
decreasing 'tea· Fig 8.2 shows 'tea as a 
function of time for the Flexy fl ux 
compressor, with 'tea rising as the 
generator is primed and then decreas ing 
30 
~ 20 
"' 4.l t-' 
10 
to a minimum value. As the deriva tives 0 
of L and I decrease near the end of the 
0 50 100 150 
time (J.ls) 
generator nm 'tea begins to increase rapidly 
again. A burst time during the generator 
Fig 8.2: Equivalent action agai nst time 
for the Flexy flux compressor. 
run when 'rea has a minimum value should therefore be selected to maximise V m· 
8.5 Empirical modelling of exploding foil 
8.5. t Experimental assembly 
Experiments to obtain data for the foi l mode l 
were performed using the c ircuit of Fig 8.3, 
wi th the energy source provided by the 
laboratory capacitor bank The start swi tch 
connects the charged bank to the foil of 
inductance Lr and resistance Rr (which varies 
considerably during an experiment) through 
a parallel-plate transmission line arranged in 
the s imple physical layout described in 
Section 8.9.2 The inductance Lt and 
s 
,, 
v, 
Vo 
Fig. 8.3: Circuit for capacitor-powered EF 
experiments 
resistance R1 include contributions from both the capacitor bank and the transmission 
line, as well as the ballast inductance included to restrict the short-circuit c urrent to about 
800 k.A. A flux probe T 1 located in a tunnel in the copper conductors of the transmission 
lines was used to measure both the current and its rate of change with time. 
Following closure of switch Sat t = 0 the foi l voltage V r is given in terms of the cwrent l r by 
dT,. 
v,. = Rrl r+L,. -
dt 
(8.9) 
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and was measured using a water resistance 
voltage probe, parall el-connected to the fo il. The 
capacitor bank and diagnostic tools used are 
described in Chapter 4. Data for calibration were 
obta ined from recordings of the current 
discharge from the capacitor, with the thin fo il 
replaced by a much thicker foil of the same 
length and width. The foil inductance Lr was 
then obtained from Eqn 8.9 by assuming that Rr 
now remains constant. To ensure good electrical (a) 
contact and precise geometric definition, the 
fo ils were firmly secured between heavy copper 
mounts, contained within a plastic cassette and 
surrounded under pressure by a I 00 J..l.ffi glass 
bead medium a t the centre of a glass fibre/glass 
bead assembly. Fig 8.4(a) shows a foil resting 
on the lower section of the glass bead packing 
before an experi ment and Fig 8.4(b) the 
characteri stic two-layer split produced in the fo il (b) 
after it has vaporised and reformed with, for 
c larity, the upper layer having been slightly 
Fig. 8.4: Foil on assemb ly base (a) before 
experiment and (b) after experiment. 
displaced. In both figures the upper section o f the glass bead packing is absent. 
Table 8.2: Parameters for exploding-fo il experiments. V0 = initial capacitor vo ltage 
Rr (0) = initial fuse resistance. 
Copper foil 
L, R, Lr Rr(O) Yo 
Foil Thickness Width Length (nH) (mQ) (nH) (mQ) (kV) 
(gm) (cm) (cm) 
J 17.0 28 12 86 3.58 20 0.43 20.0 
u 17.0 18 ll 353 3.20 35 0.62 15.0 
m 17.0 9 11 353 3.20 35 1.23 14.5 
IV 25.4 18 12 86 3.50 20 0.45 20.0 
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8.5.2 Experimental results 
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Fig 8.5: Results for EF experiments detai led in Table 8.2. (a) current, I,.; (b) rate-of-change o f current, 
dl( dt; (c) foil voltage, V;. (d) specific action (+ indicates burst time values); (e) dynamic resistance ratio 
expressed as log (foil resistance/initial foil resistance) for foil I . - - - experimental; - theoretical. 
The broken curves in Fig 8.5(a) are experimental resu lts for the variation with time of the 
current discharged from the capacitor bank into three 17 J..lm thick copper fuses having 
different widths and lengths. Table 8.2 summarises the main parameters of the test 
circuits and also those used for a similar experiment using a 25.4 ).!m thick fo il. 
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The current pro fil es for the three fo ils are quite different, as are the results in Figs 8.5(b) 
and 8.S(c) for the variations of the rate-of-change with time of the foil current and the foi l 
voltage respectively. The corresponding variations in the specific action are shown in Fig 
8.5(d), with the values at the burst times being in good agreement with those in Table 8. I 
(eg 1.27 x I 017 A 2 s m-4). In curves derived ,ooo,r- -------------, 
for the increase in dynamic resistance ratio 
with time, shown in Fig 8.5(e) for the foil I 
experiment, the liquid and gaseous phases 
of the foil behaviour can be clearly 
distinguished. The increase in dynamic 
resistance ratio with specific deposited 
energy characteristi cs for the three 17 Jlm 
~ 
~ 100 
.. 
~ 
.!! 
.. 
... 
:: 
·= 10 c: 
.... 
"' 
17!1111 
foil 
~ ~---------~------------~ ~ ~ ~ 
d~posited ~Mrgy, J/ kg 
copper foi Is coalesce into the single curve Fig. 8.6: Variation of dynamic resistance ratio 
with specific deposited energy for 1 7 ~un and 
shown in Fig 8.6, a feature observed 25.4 1 .. un foils. 
elsewhere for aluminium foils (Rode rick et al 1983, Re inovsky 1987]. 
8.5.3 Foil model 
The many parameters determining the behaviour of an exploding foil were described in 
section 8.2. Fig 8.6 shows additionally that, a lthough the characteristics fo r the 17 J..lrn 
and 25.4 ~-tm foils have the same general shape, that fo r the 17 Jlffi fo il reaches the same 
resistance ratio at a lower deposited energy. A similar phenomenon has been observed 
e lsewhere for aluminium foils [Bueck et a l 
1985] . 
The results given in Fig 8.6 for the two foil 
thickness were used in a computer program 
(described later in Section 8.9) to predict 
the experimental behaviour, for the range 
of foil widths and lengths needed for the 
fast opening switches required by the 
present appl ication. For purposes of 
comparison, results provided by the 
program for the 17 Jlm foi l are added as 
100 
600 
30 
~ 
... 
400 20 
:> 
-
... 
200 10 .> 
0 
-10 
- 200 ~------'!-------+------l, 
0 5 10 
ti•• ~s 
Fig 8. 7: Comparison of experimental and 
predicted current and voltage time profi les for 
25.4 J.un foil. --- - -- · experimental; 
----- theoretical. 
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full curves to Figs 8.S(a)-(e). 1n addition Fig 8.7 presents computed and measured results 
for the current and voltage time profiles of the 25.4 ~m foil of Table 8.2. Figs 8.5 and 8.7 
together confirm the ability of the program to predict accurately the measured 
characteristics of the foil s. 
8.6 Compressor/opening switch experiments 
Having established the accw-acy of the computer program, it was used to simulate 
experimental results provided by a 17 ~-tm exploding foil , in which the FLEXY flux 
compressor described in Chapter 6 suppli ed the power. Various manufacturing 
improvements in this have resulted in the experimental performance being consistent and 
close to that predicted by theory. and it is now regarded as providing a reproducible 
energy enhancement of the firing range 
capacitor bank by which it is primed 
Fig 8.8 shows diagrammatically the c 
equivalent electri cal arrangement used 
for those tests, in which the compressor 
is primed by the capacitor C when the 
capacitor bank start switch S1 is closed. The 
compressor is subsequently self-crowbarred 
by the switch 2 (at t = 0), and feeds energy 
to a single-turn load coil of inductance L1 
r, 
Fig 8.8: Circuit for flux compressor/ 
exploding foil experiment; Rg, Lg = 
resistance and inductance of compressor; 
L1.Li = transmission line and load 
inductance(L1 includes foil inductance); 
Rr = fuse resistance. 
through a paralle l plate transmission line of inductance L1• The circujt also includes a 
laterally pressurised EF package, in which parall el connected copper foil s are separated 
by three layers of polythene faced sheets of Mylar insulation to a total thickness of 760 
~tm. Currents and their rate-of-change with time were again measured by means o f flux 
probes. Table 8.3 summarises the main circuit and foi l data for the two experiments. The 
foil dimensions and burst times were estimated by the methods described in Section 
8.4.2. Fig 8.9 shows the experimental arrangements at the firing site. 
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Table 8.3 Parameters for compressor/exploding foil experiments 
Foils 
Initial Load Line 
Current Inductance Inductance No in Thickness Width Length 
Test Lo (kA) L1 (nH) L1 (nH) Parallel (J.lm) (cm) (cm) 
F3 50.46 40 6 4 17 60 25 
F4 50.03 42 11 2 17 52 42 
Results from the two experiments F3 and F4 are presented in Figs 8. 1 O(a) and (b), 
together with the current waveform Fl from an earlier lower perfonnance compressor 
experiment without a foil. During approximately the first 100 JlS the load parameters 
(including the foil resistance) do not play a major role in the functioning of the 
·~--------~---------------, 
(a} 
2 
OL-----~~~~~----~----~ 
o 40 80 tilllt ps 120 
160 Fig 8.9: FLEXY (F3) and foil arranged on the 
firing pad. 
1.0x1011 ,....------------------------, 
.. 
' <( 
-O.Sx1011 L-------L------'--------_. 
0 60 120 180 
t l11e ps 
Fig. 8.10: Flux compressor/foil results: (a) 
current,ip (b) rate-of-change of current with 
time, dlj dt. Result F- 1 from a flux-compressor 
experiment without a foil is given for 
comparison 
compressor, and a valid comparison can 
therefore be made with results provided 
by the different experiments. The 
improved performance of the two later 
compressors and the excellent 
reproducibility achieved before the 
increasing foi l resistance becomes 
significant, can clearly be seen. 
To fit the experimental data to the 
theoretical predictions, it was necessary 
to modify the mathematical function 
that describes the variation of the compressor resistance with time (see Chapter 6 Section 
6.3) This changed function, together with the corresponding calculated variation of both 
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the inductance and its time rate-of- 40 ,--------==------, 0 0.10 
change fully describe the compressor, 0.01 
30 -0.2 
and their variations are presented in 
0.06 
Fig 8.11 throughout the 160 !lS ~zo 
-' 
~--0.4~ 
operating time. Data analysis of the 
two EF experiments was performed 
using this numerical data, together 
with the 17 11m foil model of Fig 8.6. 
Fig 8. 12 compares experimentally 
obtained values wi th values calculated 
for the foi l voltages. Although good 
agreement is clearly obtained for the 
burst times. the foils restrike early in 
the vapour phase and at a much lower 
0.04 
10 -0.6 
0.01 
Fig 8.11: Time variation of flux compressor 
Parameters; R8 = resistance (to fit experimental 
data).Lg,dLgfdt = inductance and its rate-of-
change with time (calculated) 
120r-----------~-----, 
voltage than is expected . The :: 60 
-
maxtmum restrike electric fi eld > 
occurring in both experiments was 
about 1.2 kV cm· ' , much below the 3 
to 4 k V cm_, that can be sustained by 
foi ls m capacitor powered 
experiments when surrounded by a 
glass bead/glass fibre medium. Further 
capacitor powered experiments with a 
30 
tilu , liS 
Fig 8.12: Foil voltage during compressor/ 
exploding foil experiments:, experimental; 
------ , theoretica l; -----
time origin as in figure 8.10 
a 
... 
ex 
scaled down version of the same foil package design used in the flux compressor 
experiments, and contairung the same polythene faced Mylar insulation, confirmed that 
electrical fie lds exceeding 3 kV cm· ' could again be sustained. Numerical simulations 
using the theoretical model presented above, with assumed electrical breakdowns at 
different regions of the circuit, produced results widely different from the experimental 
results, confirming that the much reduced voltage had undoubtedly occurred across the 
foil. 
A major difference between capacitor powered experiments and those using fl ux 
compressors is that the rate at which specific energy is deposited in the foi l between the 
melt and vapour phases is between 2 and 5 MJ kg· ' IJS- 1 for the capacitor drive and only 
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0.4 and 0.8 MJ kg-1 IJ.S- 1 for the flux compressors. The lower restrike fields observed are 
regarded therefore as due to the resulting differences in the therma l and hydrodynamic 
behaviour of the foil s in the vapour phases. S imilar low restrike fields (1 .1 6 kY cm-1) 
were a lso noted in results from the earlier Laguna foi l experiment [Reinovsky et al 
1990], using the Mark IX flux 
compressor [Fowler et al 1989]. As 
shown in Fig 8.13, predictions of these 
results using the code described in 
Chapter 6 were in excellent agreement 
with measured resul ts until the foil 
vaporised. After this, as in the present 
experiments, the calculated maximum 
voltage was much higher than the 
experimental fi gure, and it was 
suggested [Lindemuth et al 1985] that, 
for accurate modell ing of the post-
burst phase, a complex code based on 
atomic data would be needed. 
8.7 Explosively formed fuses (EFFs) 
50 
40 20 
> X 
.:. 30 
> '5 ~ 
. 
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20 -~--- 10 
10 \ I, 5 \ ,, 
---...... 0 
30 
Fig 8.13: Foil voltage and load current, 
Laguna foi l experiment:- - · experimental 
[Reinovsky et al 1990];-- theoretical 
predictions using [Novae et al 1955) and 
[Fowler et a l 1989). 11 : load current; t = 0 
corresponds to the closing switch action. 
Explosively formed fuses (EFFs) (described in Chapter 7), can be used to overcome the 
deterioration of performance mentioned in Section 8.6. 1, and to provide accurate control 
of the burst time by forcing a thick current-carrying conductor into a die of insulator 
grooves to generate thin conductors, which then act in a similar manner to conventional 
foils. The EFF switch can be triggered to open in a few microseconds, after passing 
multimegamp currents accumulated in hundreds of microseconds, with dynamic 
resistance ratios of a few hundred times, while holding-off voltages greater than 8 k V /groove 
and diss ipating energ ies up to about 0. 78 kJ/ cm along the groove length. Inpu t to output 
pulse compression of several hundred times are possible when using it together with a 
suitable closing switch to transfer current into low inductance loads. Designs have been 
produced in both plane and cylindrical geometry [Goforth et al 1990]. 
These advantages however are outweighed somewhat by the requirement of a complex 
explos ive geometry/triggering assembly needed to provide a detonation fro nt of close 
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simultaneity over the fuse surface area, whi le further difficulties can arise m Oux 
compressor applications through the necessity to accommodate and operate the assembly 
within the total explosive package. 
8.7.1 Study of an EFF in plane geometry 
The aims of this study are to demonstrate and gain a direct insight into the practical 
implementation of the technology. With these aims in mind an EFF was constructed a nd 
appra ised. Fig 8. I 4 shows the experimental Jayout with a "mouse trap" explosive plane-
wave shaper (see also Chapter 3 Fig 3.8). Fig 8.15 is a sectioned end diagram of the 
experimental arrangement Fig 8. 16 are views of the EFF experimental assembly, and Fig 
8.17 is the equivalent circuit diagram. The crowbar was included to give a unidirectional 
curren t in the load circuit. Fig 8.18 shows the EFF resistance and voltage waveforms 
obtained from the results. Table 8.4 li sts the ci rcuit constants and component values 
ca lcu lated from discharge tests made both with and without crowbarring the load circuit. 
copper strip 
li nes 
automatic crowbar 
____ :7::~- I 
cable matching 
components 
24 way cable 
connector 
mousetrap plane 
stack of explosive wave genera tor 
di sks 
Mylar msulation (a) 
Detonator 
nux probes 
explosive line 
wave front initiator ......::=:;:::~~ 
tracks 
aluminium EFF strap 
resting on PTFE die. 
Fig 8.14: Schematic diagram of the EFF experime nta l layout in plane geometry with 
mousetrap plane wave shaper. (a) sectioned side e levation. (b) plan view. 
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detonator 
point initiated explosive 
SX2 sheet 
line wave front generator~ 
glass , · 
plate • 
EFF 
mm 
_t_~~~4=2=m~m~--~ -~~,_m_m~~===-~----_-_-_-_-_-_-_~_·_(i-iQ~' 
1... so 111111 ... 1 
(a) 
(b) 
(c) 
Fig 8. 15: Schematic sectioned end view of the 
experimental arrangement of(a) the mousetrap 
plane-wave shaper, (b) the EFF components. 
(c) is a d iagram of the PTFE extrusion die; 
(i) plane view, (ii) front elevation (iii) end 
elevation. 
(b) 
Fig 8.16: Views of EFF 
components; (a) end view, (b) 
side view with explosive 
disk stack displaced. 
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Table 8.4 Circuit constants and calculated values 
Bank voltage 
Bank capaci ty 
Total circuit inductance 
Maximum current 
I /4 Peri od of current waveform 
Total circuit resistance 
Inductance of load circuit 
Resistance o f load circuit 
C urrent at start of switching process 
EFF aluminium fuse 
EFF Resistance at start o f switching 
process (t == 0 in Fig 8.18) 
fl ux load 
probes 
cabl.: transicn! 
start matching 
bank switch components 
inductance 
1 ~-f, r=:::G--1----,-F~ bank S ' resistance 5 1 
't. 
bank of 
capacitors 
24 coaxial cables 
In parallel 25 m 
long 
Load 
resistance 
RL 
Fig 8.17: Equivalent c ircuit diagram for the EFF 
experiment 
8.7.1.1 Circuit characteristics 
When S5 in Fig 8. 17 is closed a discharge 
current Id wi th the characteristics listed in 
Table 8.4 flows through the thick foil 
fuse in the load c ircuit. Closing the 
crowbar switch Se at the fi rst quarter 
period of the waveform (26 ~s) results in 
a unidirectional current Id max e·RIL• with 
a time constant LIR = 107 J..lS flowing 
20 kV 
250 ~F 
1090 nH 
0.256 MA 
26 J..lS 
15 mn 
840 nH 
7.8 mn 
0.239 MA 
38.5 mm (1), 40 mm (w), 0.8 mm (th) 
< 1 mn 
0.4 
,....._ 
a 
0.3 
'--' 
~ 
(.) 
r:: 0.2 ell 
...... 
(/) 
'iii 
~ 0. 1 
0 
0 2 3 4 5 (a) 6 
time (J.IS) 
40 
32 
> 24 ~ 
>" 
16 
8 
0 
0 2 3 4 5 (b) 6 
time (J.IS) 
Fig 8.18: Experimental results: (a) resistance, 
and (b) voltage across the EFF 
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through the fuse The cross-sectional area of the aluminium crowbar foil needed for 
switching to occur at Id max was determined from Equ 8.7 
The delay between initiation of the explosive and closing of Ss was set for the formation 
of a thin extruded foil (EFF) within the die, with its resistance beginning to ri se 
significantly (a condition akin to burst in a simple foil) (to in Fig 8.18) to occur shortly 
after Se is closed. This timing is not critical because of the long time constant of the load 
current. 
8. 7. J .2 Characteristics of the explosive assembly 
The mousetrap plane wave generator seen in the Figs 8.15 and 8.16 is a copy of a design 
developed at RARDE Fort Hal stead . The des ign ensured that the glass fragments 
(see Fig 8.15) that irutiate the explosive stack arrive at the same time over its surface 
area. Given this, estimates of the ve locity (2 .6 mm J..lS) and time of arriva l of the 
fragments a t the stack (35 J..lS) were made us ing the explosive detonation 
ve loci ty (7.95 mm f.!S-1 ), the angle (a. = J 9°) of incline of the g lass plate 
overlaid with SX2 sheet explosive, and the stand~off distance of the stack from the 
mousetrap. 
Addition of 3 J..lS for the detonator time plus 25 J..lS and 3 J..lS for the explosive propagation 
along the line wave front forming tracks and through the stack, and allowing 5 J..lS to 
extrude the fuse in the die and obtain burst conditions, resulted in a total estimated time 
between firing the detonator and burst of 68 J..lS. 
To satisfy the timing conditions described in section 8.7 1.1 above, a delay of 38 J..lS was 
introduced between firing of the detonator and closing of the capacitor start swi tch Ss. 
8. 7. I .3 Experimental results 
Fig 8.18 (a) shows the resistance and Fig 8.18 (b) the voltage across the EFF extracted 
from the results. The electric field across the swi tch, and energy dissipated per cm length 
of each extrusion groove when the resistance and voltage had reached their peak values 
and had begun to fall , were calculated for design purposes as 8.7 kV crn-1 and 0.75 kJ cm-1• 
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8.8 Closing switches 
Synchronisation provides one of the most djfficult problems for any conditioning scheme 
that involves closing switches. For capacitor-powered experiments, the optimum time for 
closure can be established from preliminary tests, but this is clearly not practicable in 
single-shot flux compressor experiments. The use of dielectric switches with a pre-set 
breakdown voltage [Vedel et at 1971] provides one possible solution, Explos.ively-
operated switches [Goforth et at 1991] are another possibility, but synchronisation 
problems can arise when transferring very fast rise-time short duration pulses. Surface 
tracking switches offer a further possible solution, although they present a number of 
unresolved difficulties that arise from their dependence on the polarity of the switch 
voltage profile [Reinovsky et al 1 987]. Possibly the most practical solution is to use an 
EF closing switch as described below, which 
does not require synchronising, since it 
operates automatically once its correct 
dimensions have been established. 
Fig 8.19 shows a circuit in which exploding 
foil s are used as both opening and closing 
swi tches, with the latter comprising the 
assembly of parallel connected, smal l 
dimension aluminium bridges seen in Fig 
8.20(a) connected in series with the main 
Vo 
IT 1 
v, 
L 
0 
A 
0 
Fig 8. 19: Circuit using exploding foil opening (FOS) 
and closing switches (FCS):}\ = resistance of 
alwniniwn bridges;M= insulator 
copper foil. The geometry of the small bridges enhances their explosive action, by an 
effect probably similar to that used in deton ics for shaped-charge devices. The dimensions of 
the bridges are such that they burst close to current maximum, and subsequently 
penetrate the insulation between them, with the fo llowing conditioning stage being 
introduced just before the main foil completely vaporises. 
The bridges were made by removing sections from a 100 llJJl aluminium fo il , leaving a 
number of strips 9 mm long and 5 mm wide to carry the current. The enhancing action of 
the bridges is brought about by bending them into a 2 mm wide by 2 mm deep slot milled 
in a 15 mm wide insulator, as seen in Fig 8.20(b). Brass electrodes, positioned on each 
side of the insulator, complete the connections between the foil and the main strip-line. 
Mylar sheets initially insulate the fuse assembly from an anvil connected in the strip-line 
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Fig. 8.20: Exploding foil closing switch: (c) 
(a) components; (b) arrangement; 
(c) components after explosion. I, brass foil-
forming baseplate; 2, aluminjum foil with live 
bridges; 3, Mylar insulator; 4, aluminium foil ; 
5, brass anvi l plate with groove; 6, insulator 
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Fig 8.22: Dynamic resistance ratio 
model for closing switch bridges. 
o f the circuit into which contact is subsequently made. The explosive debris is 
re leased into a groove in the anvil , while a I 00 )J.m aluminium foil laid across it 
helps to maintain a low switch resistance. Fig 8.20(c) shows the result of the foi l 
explosion on the switch insuJation, which was made from six sheets of Mylar having 
a total thickness of 762 flll1· The models extracted rrorn the results for the switch 
delay and dynamic resistance ratio of the bridges shown in Figs 8.21 and 8.22 were 
used later in the numerical anaJysis of a complete conditioning circuit. The close 
correspondence of the lower values of dynamic resistance for the aluminium bridges 
to results obtained by (Roderick et al 1983, Bueck et al 1985] [R] and [B] in Fig 8.22 
JQl 
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is also demonstrated. The difference at higher values is attributed to the absence of any 
tamping material to restrain bridge movement. 
8.9 Computer program for current transfer switching action 
A computer program was written in FORTRAN to simulate a single stage offoi l opening 
followed by a closing switch to transfer current into a load. The resistance of the closi ng 
switch (FCS of Fig 8.19), which introduces the load R2, and L2 into the c ircuit is 
insignificant in comparison with the other resisti ve factors in the circuit. After the action 
of the closing switch, the system can be described by equations (8.1 0) to (8.15) below. 
d1 1 dlr dl 2 
-=-+-
dt dt dt 
(8.1 0) 
dlr L 2 (V0 -Q/ C)- lrR r(L, + L 2)-l 1R,L2 + l 2R 2L 1 
dt L,L 2 + Lr(L, + L2> 
(8.1 1) 
dl 2 Rrl r R2 l2 Lr dlr 
-=-----+--
dt L2 L2 L2 dt 
(8. 12) 
dQ = 1 
dt I (8.13) 
dW I ~ Rr 
- = --
dt Mr 
(8. 14) 
(8. 15) 
where Q is the charge given out by the capaci tor, Mr and Ar are the mass and cross 
sectional area of the fuse, g is the specific action and W the specific energy deposited in 
the fuse. 
The above set of six first-order differential equations was solved using a FORTRAN 
subroutine [Kahaner et al 1989]. At each time step of the solution, the specific energy 
deposited in the foil was calculated, with the data of Fig 8.6 being used to provide the 
corresponding resistance. The program takes some tens of seconds to run on a PC386 
computer. 
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8.9.1 Experimental and computed results 
Fig 8.23 presents results from three 
identical experiments using the circuit 
400,..-- ---------------, 
shown in Fig 8.1 9, together with 300 
corresponding theoretical predictions. ~ 
The main parameters for the 
experiment are given in Table 5. 
Fig 8.23(a) shows that good operating 
time reproducibility was observed in 
the experiments with, in two cases, the 
switch FCS operating about 11 .25 J.lS 
after the main switch (S of Fig 8. 19) 
and in the thi rd after about 11 JlS. This ~ 
~-
.!::'. 200 
"' c: f9 
100 
1.5x1011 
0 r-
-1.5x1011 ~ 
small time difference enabled r5j:;; -3.o~10n 
consideration to be given to the 
-4.5x1011 
10 15 
time, ~s (a) 
__. f ; 
accuracy with which the predictions 
made using the numerical code of the 
previous section described the actual 
switch behaviour. Thus the small jump 
in the rate-of-change of current with 
time (arrowed m Fig 8.23(b)), 
correctly predicted when the switch 
operated after 11 .25 J.lS, was absent 
from both theoretical and measured 
results when the switching occurred 
after 11 j..LS. In addition, Fig 8.23(c) 
shows that the maximum-recorded foi l 
voltages are closely predicted for both 
operational times. 
-6.0~1011'------.1.-1 -----'-------:'. 
0 5 10 15 
The use of an EF closing switch 
together with an EF openjng switch 
> 
-"' 
> 
tiN, ~s 
(b) 
(c) 
Fig 8.23: Results from exploding foil opening and 
closing switch experiments: (a) foil current (11) and 
transferred currents (12); (b) rate-of-change of foil 
currents dljdt; (c) fuse voltage v1 (e----. . maximum 
experimental value fori I !lS experiment; t---+ . 
maximum theoretical value for 11 J..IS experiment). 
Maximum voltage shown for 11 f..l.S switching; for 
one fuse voltage s ignal only the points shown 
as fu ll squares are available; -- - - , 
experimenta l; , theoretical. 
suggest the novel and faster techruques explained in section 8. 1 0 
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Table 8.5 Parameters for exploding copper foil switch experiment 
Thickness 
(/lm) 
17 
Width 
(cm) 
12 
Length L. 
(cm) {nH) 
10 353 
R, 
(mO) 
3.2 
Lr 
(nH) 
35 
Rr(O) 
(mO) 
0.84 
L:z 
(nH) 
60 
Rz 
(mO) 
Yo 
(kV) 
15 
It has been observed that when the current js interrupted before it would otherwise reach 
its first maximum, both computed and measured values of the maximum foi l vo ltage 
exceed those predicted using an earlier and simple theory [Reinovsky et al 1 989], whereas 
if the current is interrupted after the maximum, there is good agreement The cause of this 
is attributed to the influence on the circujt behaviour of the non-linear interaction 
between the foil and the capacitor discharge (fully accounted for in the program) being 
significant when the interruption is early in the discharge cycle. 
8.9.2 Simple and advanced foil conditioning circuit layouts 
Fig 8.24(a) represents a single stage of s imple 
fuse (R) or EFF conditioning, with L1and L3 
being the energy storage and load inductances 
and L2 the inductance of the fuse. Beyond burst 
the fuse resistance is assumed to rise in a finite 
s tep to R• at time tvm (when the voltage across it 
is a maximum) and to remain constant. The 
value of I 1 at tvm when the switch S is closed and 
current h is transferred to L3 is assumed to be ( 
Fig 8.24 (a) depicts the exploding foi l operung 
switch and its physical layout in circuits 
discussed thus far. By a physical re-arrangement 
tha t requires rome extrn OO;ign, fabrication and 
implementation considerations, the circuit 
components can be arranged in the more 
advanced layout shown in Fig 8.24(b). Here, the 
symbols represent the same quantities as in Fig 
I _~ 
)I, 1 
s (a) 
I , 
J ) I, LJ 
(b) 
Fig 8.24: Circuit representing exploding 
foil current transfer arrangement in (a) 
simple layout (b) more advanced layout. 
8.24(a) but the switch inductance L2 is now included as part of the inductance store. An 
indication of the advantages gained by adopting the layout in Fig 8.24(b) can be obtained 
by solving the circuit equations for the assumed fuse conditions. 
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lt can be shown by application of the energy and linkage flux conservation relationships, 
and analytical methods for solving circuits with constant components, that the energy 
dissipation .6.E in the opening switch during a current transfer operation, and the 
transferred current 13 for the circuits in Fig 8 .24 are for Fig 8.24(a), 
(8. 16) 
(8.17) 
However, for the circuit of Fig 8.24(b) 
(8. I 8) 
and (8.19) 
For a large storage inductor, the energy dissipation L\E, and time constant lja., reduce to 
(8.20) 
I I . 2 I R' !J.E = - (J ) L and a = -
2 3 L 3 
The advantages are readjJy apparent: Both the energy dissipation in the switch and the 
load current rise-t ime are reduced by a factor of L3 J(L2 + L3 ). For large scale devices L2 
is typically ~35 nH and loads of interest are 20 to 150 nH which result in savings of 20 to 
64% in both energy and rise-time. 
The advanced design although more efficient is difficult and expensive to implement, 
and is only chosen when optimum performance is vital. Figs 8.25 show expanded 
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diagrams of the physical layout of simple and advanced current transfer circuits in plane 
geometry. In Fig 8.25 (b), Scan be replaced by FCS bridges at the end ofthe FOS indicated in 
fig 8.25 (b), that automatically make contact to L3 by severing the above insulation as discussed 
earlier, thereby foilTlillg a very convenient and efficient current transfer arrangement. 
(a) 
R (exploding foi l) 
L2 (inductance of FOS) 
FCS (b) 
R (exploding fo il ) 
L2 (inductance of FOS) 
Figure 8.25: Expanded isometric layout of 
explodi ng fo il current transfer circui ts in plane 
geometry; (a) s imple design, (b) more 
advanced des ign; current paths --250~-tm 
thick copper foi l, insulation-- a sufficient 
number of 1 25~un mylar sheets. 
8.9.3 Cylindrical EFF conditioning circuit layout 
Cylindrical geometry offers a more compact package than the planar geometry, and is 
preferred for large area EFFs [Goforth et al 1989]. Figs 8.26 show cylindrical designs in 
both simple and advanced circuit layout In both versions, close spaced exp loding foil 
sites initiate sensitive explosive pel lets These detonate the cylindrical explosive shown 
along its axis with a high degree of simultaneity. In the simple layout of Fig 8.26(a), 
coaxial cables connect the EFF to the current source, and the smooth detonation front 
generated by the cylindrical explosive contacts directly with the EFF to drive it into the 
die. A triaxiaJ circuit arrangement is necessary in thi s design to enab le the load to be 
connected directly across the EFF when transferring current .The outer conductor of the 
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input cable is connected to the end flange, w ith the inner conductor and insulator passing 
through it to complete the EFF circui t. T he flux residing in the EFF circuit after the 
closing switch is operated is lost in this arrangement. 
conductors 
L I = the inductance of the 
12 cable connectors plus 
The source inductance 
flux compressor 
load inductance 
PTFE die 
EFF 
L2 (inductance of EFF) 
(a) 
closing switch 
L2 ( inductance of EFF) 
insulation (b) 
Fig 8.26: Schematic cut away diagram of cylindrica l EFF current transfer circu it layouts 
in simple and more advanced format; (a) simple layout itemizing components, 
inductances and current paths; (b) advanced layout itemizing additional components 
and differing current paths. 
Higher current transfer efficiency is obtained by arranging the EFF in advanced open 
circuit format; a lso, this circuit layout can be directly connected to the output of a helical 
flux compressor. A complex explosive assembly is however required (as with a plane 
EFF) arranged in this format. An additiona l machined explosive shown in Fig 8.26(b) 
sandwiched the EFF fo il surface and annular main current line insulator, and initiated by 
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the shock wave travelling through the insulator, is needed to provide the smooth 
detonation front over the foi l surface. 
8.10 Faster switching techniques 
8.10.1 Transformers 
When a flux compressor feeds a high-impedance load, an intermediate transformer is 
necessary to match the load to the generator. Useful characteristics can be obtained when 
the load is introduced by means of a switch, whjch shapes the power source waveform 
and applies a fast-rising high-voltage pulse to the load. 
LP 
(nH) 
180 
Table 8.6 Parameters for the transformer experiment. M1 = theoretical mutual 
inductance, Me = measured mutual inductance. 
Transformer 
L, M, M. 
(!-11-1) (!lH) (pH) 
5.9 0.98 0.88 
Copper foil 
Thickness 
(!lm) 
25.4 
Width Length 
(cm) (cm) 
7 18.3 
L, R, Rf(O) 
(nf-1) (mQ (mQ) 
14 1 2.7 1.77 
Lr 
(nil) 
40 
~ 
(ni-l) 
100 30 
A transformer was developed on the basis of previous work [Reinovsky et al 1987], with 
both the primary and secondary windings made from two 16.5 cm wide copper strips laid 
side-by-side and the inter-winding insulation comprising six layers of 125 J..tffi truck 
Mylar. The strip used for the 25 cm diameter single-twn primary was 500 .urn thick and 
that for the six-turn secondary was 51 .urn thick. The secondary turns were thermally 
bonded between 50 f.!.m Mylar foil faced with 100 11m of polyethylene, with additional 
layers of the same material used to give a separation between turns of a bout 600 .urn. 
Fig 8.27 shows the circuit for an 
experiment (driven by the laboratory 
capacitor bank charged to 12 kV) in 
wruch a transfonner was connected in 
series with a foi l. If L1 and h are the 
primary and secondary currents, the 
behaviour of the overall system after 
closure of the untriggered solid 
Fig 8.27: Circuit for transfer/fuse 
experiment.SDS =solid dielectric switch 
dielectric closing switch (SDS) is determined as in section 8.9 but with Eqns (8.1 0) 
(8 .11 ) and (8. 12) replaced by the following two equations. 
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dl 2 = M(R , + Rr )11 - (L, + Lr + LP)R 2 l2 - M(Vo- QIC) 
dt (L2 + L5 XL1 + Lr + LP) - M2 
and with Jrin equations (8. 14) and (8. 15) replaced by 11• 
TI1e primruy ru1Cl secondaly inductances 
of the transformer, Lp and L5, and 
the primary/~ mutual inductance 
M were calculated using the method 
150 
dcscrired in Appendix E The model for ~ 
H" 
the trans former as validated us ing 100 
data avai I ab le e lsewhe re 
Rei novsky et al 1987], and the main 
parameters for the circuit of Fig 8.27 
(b) timt, )IS 
(8.2 1) 
(8.22) 
o§ 
dt 
-O.Sx1011 
-1.0x1011 
-1.5x1011 
are recorded in Tab le 8.6. 60~------------------------~ 
The solid dielectric switch (SDS) in 
the secondary circuit of the 
trans former consisted of a 305 mm ~ 
40 
square of 1.59 mm thick polythene, 20 
with a number of 0.75 mm 
indentations on one side. The switch 
breakdown voltage between ci_rcular 
electrodes was 70 kV. 
Measured and computed results 
obtained from an experiment tn 
which the crowbar switch 2 
remai ned open are compared in Fig 
8.28. Figs 8.28(a) and 8.28(b) 
confirm that the model determines 
most of the circuit quantities 
accurately, although m Fig8.28(c) 
the rate-of-change of secondary 
O.Sx1010 
-O.Sx10'"'------' 
10 15 
Fig 8.28: Results for transformer experiment : 
(a) Primary current l1 and rate-o f-charge 
dl ,fdt; (b) Foi l voltage Vr; (c) rate-of-change 
of transferred current dl/dl.- - ,experimental; 
--, theoretical; 
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current is only obtained accurately for the very short initial period before electrical 
breakdown occurred. Nevertheless, it is be lieved that a load voltage approaching the 
maximum calculated value of 150 kV was actually generated, causing destruction of the 
equipment designed to measure safely voltages of about I 00 kV. 
8.10.2 Optimisation of exploding foil 
To drive a transformer-based conditioning system requires a high voltage to be 
developed by the EF. Although an EF to produce, say, six times the initial capacitor 
voltage can be determined experimentally, this is time consuming, costly and potentially 
damaging to the experimental circuit. 
A preferred approach is to use a theoretical model for the EF similar to that developed in 
section 8.5.3 and the results from such a study using 17 !-LID foils are swnmarised in Table 
8.7. The objective of the study was to determine the optimum EF if the maximum current 
is not to be less than 600 kA, and the table shows that for each width there is a different 
optimum length which gives the max imum voltage. 
Table 8.7 Maximum circuit voltages and currents for optimum l 7J.un foils. C =238 ).lF, 
Lt = 86 nH, Rt = 3.0 mn, Lr = 20 nH, Vo = 20 kV for the circuit of Fig 8.3 
Foil Width (cm) 15 16 17 18 19 22 
OQtimum length {cm2 22 30 40 39 40 38 
Voltage (kV) lOO 11 6 122 11 9 116 98 
Current (kA) 600 600 606 624 640 69 1 
I d/dt I (TA s-1) 1 1.1 5 1.2 1.12 1.1 2 0.96 
An experiment using a 17 )..l.m foil, 22 cm long and 17 cm wide, was performed at an 
initia l capacitor voltage of 17 kV. The theoretically predicted maximwn voltage for this 
(78 kV) agreed well with the corresponding measured value of82 kV, and the max imum 
predicted value of the rate-of-change of current with time of -0.78 TA s-1 was also in 
good agreement with the measured value of -0.75 TA s-1• It is important to note that 
when used in a switching experiment, an optimised EF does not produce voltages in 
excess of 80 kV, and thus will not damage the capacitor bank circuit. Experiments using 
transformers, as described in the next section, need to be conducted using a crowbar 
technique to protect the power system. 
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8.10.3 Crowbar switch technique 
The insight provided by the investigation 
into the flux compressor/exploding-foi l 
circuit has led to a novel method of 
significantly increasing the value of the 
negative current deri vative in the output 
of the conditioning circuit of Fig 8.27, 
when powered by a compressor rather 
than a capacitor. If the foi l and 
transformer circuit is crowbarred by 
4 
(a) 
3 
~ 2 
0 
250 
switch s2. when the foil voltage has (b) 
reached its maximum value, the fmal 
200 
stage of the circuit is effectively > 1so 
-"' 
disconnected from the compressor and > 100 
the early stages of the conditioning 
so 
120 
circuit. The current in the primary circuit 
will remain approximately the same, but 0 
120 
its rate of change with time will become 1x1ott 
more negative due to the reductions in .. 
~ 
the total circuit inductance. Either the ti 0 
~ ;; 
armature cone of the compressor or an 
-1x1011 EF closing switch can provide the 
(c) 
crowbarring. 
- 2x1012 
To illustrate the action of the crowbar 
technique, the dimensions of a foil to -1x1on 
120 
give a maxim um voltage V111 at 2 MA 
'\ Crovbir 
1-
~ 
~ b. 
122 124 126 128 
time, liS 
I' 
I ~ 
I ~ 
V 
_\ 
_L 
../ 
" 
t----.. 
122 124 126 128 
tlllle, liS 
---.. ~ I 
,.,. 
L 
l 
122 124 126 128 
time, liS 
current were calculated on the basis of 
the Flexy flux compressor described in 
Chapter 6. 
Fig 8.29: Predicted waveforms for FLEXY 
/foi l conditioning: (a) FLEXY current ! 1; (b) 
foi l voltage V;- ; (c) rate-of-change of FLEXY 
current dl/ dt ; time origin as in figure 8.10 
130 
130 
130 
The foi l cross section was the same as used in test F3 of Table 8.3 but the length was 
increased by a factor of six. The results obtained for the foil performance and presented 
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in Table 8.8 are somewhat surprising, since the 17 kJ cm-3 (or a total of I MJ of energy 
dissipated at maximum voltage) is only about one third of that expected from previous 
capacitor bank experiments to vaporise the foil fully. This also demonstrates the ability 
of a compressor to deposit large quantities of energy into a resistive load. 
Fig 8.29(a) and (b) present results 
predicted for the transferred current and 
the foil voltage in the circuit of Fig 8.27 
when crowbarred but using a flux 
compressor as the power source. Fig 
Table 8.8 Details of foil nerformance 
Ym (kV) 
tat V m (~ts) 
dl/dt (A s-1) 
222(1.48 kV cm- 1) 
125 (same as in F3) 
-9 X 1011 
8.29 (c) shows that the effect is to increase the negative rate-of-change of current to a 
max imum value of -3 TA s-1, a figure that amply achieves the rise time required to 
operate a plasma erosion opening switch (PEOS) connected in the secondary circuit. A 
foi l clos ing switch (FCS) can serve to connect and close the secondary before the fo il 
voltage has achieved the maximum value. 
8.11 Conclusions 
Models obtained experimentally for copper fuses I 7 ~m and 25.4 ~m thick of the 
increase of resistance ratio with deposited energy, were shown to apply over a wide range 
of fuse dimensions, and were used in a computer program compi led to closely predict 
fuse performance. The two models demonstrate a characteristic of fuses during the 
vapour phase, the thinner fuse needing much less energy for the same dynamic ratio. It 
was shown that the reduced rate of energy input when a flux compressor, rather than a 
capacitor bank, was used as the power source resulted in a reduced value of voltage 
generated by the foil. 
The EFF was readi ly implemented, its high performance characteristics were confirmed, 
and since it does not have the energy rate problems mentioned above, it can serve as a 
good first stage of flux compressor conditioning. 
The opening and closing switch techniques presented can be used in conditioning circuits 
for both flux compressors and capacitor banks, to provide very sharp output current and 
voltage waveforms. Where energy rates are acceptable, the circuits will operate 
automatically. in particular, predicting the performance of the output conditionjng 
circuits for a flux compressor using the techniques described, followed by proof tests 
using a capacitor bank, will maximise the probabi lity of a first time firing success. 
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CHAPTER9 
STUDIES OF THE PEOS OPENING SWITCH 
The Plasma Erosion Opening Switch is acknowledged to be the fastest high current 
opening switch presently available. Experiments undertaken with the input cur rent 
rising to the opening current level in less than 100 ns (referred to as the conduction 
time), have demonstrated opening times of approximately 10 ns to a resistance of 5~50 
n, with resistance gradients of 1 Q /ns in the final opening stage [Mesyats et al, 1986, 
Myamoto et a], 1987, Stennet et al, 1987]. The physical processes involved are not 
however well understood, and research being pursued at a number of centres into the 
basic operating mechanisms aims to produce similar output characteri stics for input 
pulses with lengthened rise times. A number of explanations have been advanced for the 
action of the PEOS with a variety of input conditions, and a physical picture based on 
different in~situ measurements is gradually emerging. 
Switches built fo r input opening current levels (threshold levels) up to several 
kilo~amperes have demonstrated that output pulses of many megavolts can be 
produced, due to the magnetic insulation phenomenon that accompanies the final 
opening phase [Weber et al, 1991]. Theoretical OD studies at the Naval Research 
Laboratory (NRL, Washington DC) have led to a switch model for fast input pulses 
[Ottinger et al, 1984], which has been verified experimentally for switches with input 
conduction times of about lOO ns. Results from experiments (described later) to 
determine the characteri stics of the PEOS, and to observe the plasma density in the 
switch channel, have shown that for longer input current rise-times (up to 1 !J.S), the 
associated increase in the duration of the magnetic forces in the switch produces a 
significant change to the di stribution of the plasma, and that the rise~ time of the output 
pulse increases. 
This chapter describes work leading to the production of a prototype PEOS for the final 
stage of conditioning a 1 MJ output flux compressor (FC), and intended for proof 
testing in a capacitor-driven pulse conditioning circuit. It begins with a description of 
the PEOS design objectives and the basic assumptions for switch operation. This is 
fo llowed by a brief account of the experimental results and the conclusions reached, in a 
number of research papers. 
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These provided the ins ight into the plasma number density and opening processes that 
were needed to design and bui ld the switch. The chapter continues with a description of 
plasma sources, together with ca lculations of the plasma densities needed to satisfy the 
design objectives. A description follows of the source system used in the PEOS design, 
the methods used to estimate the range of plasma density available, and the 
corresponding limits of input current level that are able to open the switch are described. 
Assessment of the plasma source concludes with a description of experiments to 
determine certain important flasbboard characteristics, together with a satisfactory 
layo ut for the system and its associated components and connections in the final design. 
Details are given of the design and construction of the PEOS, and results obtained from 
it when driven by the conditioned output of the capacitor bank. The chapter concludes 
with a description of the procedure used to develop a model for tbe 2-stage conditioning 
system that supplies a fast rising input pulse to the PEOS, and the changes in the 
assumed plasma values needed to produce a close fit to the slower ri sing experimental 
results. 
9.1 Design objectives and basic assumptions 
9.1.1 Design objectives 
The objectives of the PEOS design were to build a switch that opened both to an input 
current rising to several hundred kiloamps in I 00 ns and, for test purposes, an input 
rising to about 200 kA in approximate ly 300 ns. The former current pulse to be 
provided by a proposed Flexy driven conditioning circuit (described in the next 
chapter), and the latter by a conditioning circuit (as discussed in Chapter 8) driven by 
the laboratory capacitor bank. 
9.1.2 Basic assumptions 
ln the cylindrical switch arrangement of Fig 9. 1, low-density carbon plasma is injected 
towards the cathode through the conductive-gauze covered apertures in the anode of a 
coaxiaJ vacuum transmjssjon line. The injected plasma is produced by a tlashboard (or 
alternatively a plasma gun) and it is assumed to drift towards the cathode to till the 
annular region between the anode and cathode and so provide a low resistance path that 
virtually short circuits the load. lt is also assumed that the high-density plasma that is 
formed on the cathode surface provides an electron source. 
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Although the opening processes are not 
clearly understood, they neverthe less 
differ for the above two requirements. 
The following section includes a brief 
account of the experimental results that 
are recorded and the conclusions that are 
reached .in a number of research papers. 
These provided suffic.ient insight into the 
opening processes for an assessment to be 
made of the plasma requirements for the 
switch to be built. 
9.2 The initial literature survey 
~Flash board 
ANODE 
.Plasma 
Load 
\ 
CATHODE 
-~~-r-;1 · 
t t 
Fig 9.1: The PEOS swi tch arrangement 
The most important tasks posed during the survey, were to enable estimates to be made 
of either the plasma ion (niop) or the related electron (ncop) number density in the switch 
at the end of the conduction phase at t = top At this time the switch begins to open and 
current struts flowing to the load as indica ted in Chapter 7.2.3 . A further task was to 
find a plasma source arrangement that satisfies the needs of both the FLEXY and 
capacitor bank driven PEOS conditions described above. The electron number density 
sati sfies the quasi-neutrality of the carbon plasma, and is related to it by ncop = z niop. 
where z is the number of electrons removed from a neutral ion by ionisation, leaving it 
positively charged (symbolized for z = 2 as C++). A summary of the conclusions that 
were reached from the survey for the first task above, is included at the beginning of the 
next section, to clarify the discussion that fo llows of the published experimental results 
and arguments that Led up to them. 
9.2.1 Resume of conclusions reached for estimating the plasma number density 
The survey yielded the two empirical equations given later in Sections 9.2.2.4 and 
9.2.3.6 for estimating the plasma density. Eqn 9. 1 gives neop proportional to the PEOS 
cathode current density (J0 p) at top for input current rise-times of about 1 00 ns, and an 
opening process in agreement with the OD model, ru1d is valid up to a limit of J0pt 2 
defrned later . Beyond the limiting value ( increase of J0 p I t), the associated longer 
duration I magnctude of the magnetic force in the switch channel change the plasma 
distribution significantly in both an axial and radial direction, and thereby the opening 
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process. For these conditions, neop approaches the value given by Eqn 9.3 with neop 
proportional to Jo/ -r2 fo r values of t up to about one microsecond. In Eqns (9. 1) and 
(9.3), Jop is the current density in amps I m2 over the whole area of the switch cathode 
channel of length10 
The equation titles (emjssion-limited (ELC) and hydro-limited (HLC) conduction), refer 
to the fact that the conduction phase of the PEOS ends (is limited) for a fast input pulse 
(Eqn 9.1) applies, and the switch begins to open, when the cathode emission reaches a 
critical threshold value. For input conditions that exceed the limiting value of J0 pt2 for a 
fast pulse and (eqn 9.3) applies, the conduction phase ends, when the hydrodynamic 
displacement of the plasma by the magnetic field in the switch channel reaches a critical 
configuration. Eqn (9.4) for the cross-over point between an ELC and HLC process was 
determined by combinillg Eqns (9.1) and (9.3), resulting in J0 p't2 = Kc Amp m·2s2. 
Eqn (9.3) shows that very large plasma densities are needed as the PEOS begins to open 
when its conduction phase is hydro-limited. For the case of Jop(t) being proportiona l to t 
neop is proportional to l op 4 whereas, when it is emission limited, neop is proportional to 
l op· 
Estimates of neop are made by calculating J0p-r using the expected PEOS input pulse 
characteristics, and comparing these with Kc. If l op is < Kc the conduction phase is 
emission limited and Eqn (9. 1) is used to calculate neop· If J0p'C is > Kc, the conduction 
phase is hydro-limited so Eqn (9.3) is used. 
9.2.2 Experimental results for fast input pulses 
9.2.2.1 The OD model 
The underlying four stage-model for the opening process described in Chapter 7.2.3 that 
has been shown to comply with experimental results for input pulse rise times of less 
than I 00 ns. Fig 9.2 shows the close coincidence achieved between (a) experimental and 
(b) simulated output waveforms for a PEOS with an input current [g rising to 225 kA in 
about 100 ns The load currents were obtained from experiments with different delay 
times between initiating the plasma source and applying the input pulse. L)t is the delay 
between initiation of the plasma and opening of the switch. [Weber et al, 1 987]. 
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9.2.2.2 The axial distribution of current density 
Measurements of the current distribution in 300 .--------------, 
the switch for fast input pulses [Weber et al, 
1984] show that the current broadens and 200 
kA) 
moves along the switch channel, with opening 
100 
2.2 
occurring when it reaches the channel end. 
This behaviour agrees with that predicted by 
the model. The current at top however is found 
to occupy only half of the switch channel at 
the load end [Hinshe1wood et al, 1987]. This 
was attributed to either an axial di splacement 
0 ~~~~~~-+~~~~-; 
-50 L---1...---JL---1---L-..1...--L.--.JL---L---1 
(a) 
300 r-------------.., 
200 
of the plasma in which the current flows leA) 
(which is not in agreement with estimates of l OO 
niop = 5x I 01 2 
VD= 7.5 
displacement due to magnetic forces), or to an IG 
unexplained suppression of current flow at the 
input end of the channel. A modification of 
the plasma distribution assumed by the model 
at top may be needed for it to comply with 
these fi ndings. 
9.2.2.3 The relationship between J0p and n eop 
O t---+-~-......... -.....-....__-+-''--+-..,._--1 
-50 L----'---'-~--L-.L..---L..--1-..1...--.......1 
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Fig. 9.2: (a) Gamble I load currents 
for different de lay times. (b) si mulation 
results from the 0 -D PEOS mode l 
Measured values of the integrated electron density m the plasma along the switch 
channel length 10 , obtained without applying an input to the PEOS, were plotted against 
l op for PEOS experiments with a variety of plasma injection schemes and cathode areas 
[Weber et al, 1991]. These graphs showed that the average value of l op when the PEOS 
begins to open at top, is proportional to Deop, with a proportionality constant of 0.6 x 1 o-12 
9.2.2.4 Equation for emission-limited conduction 
The empirical equation satisfying the above result for a PEOS whose conduction phase 
ends (is limited) when the emission from the cathode reaches a critical threshold value is 
l op= 0.6 Ilcop X 10-12 (9. 1) 
where l op= lop I 2nrclo Amps m-2, and re is the cathode radius. lop calculated for the input 
threshold opening current lop for the OD model [Eqn 15 Ottenger et al 1984] where 
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(9.2) 
can be brought into close agreement with Eqn 9. 1 by using a switch channel length of 
lo/2 in Eqn 9.2. Where e is the electron charge, Vo is the plasma drift ve locity, and a. 
is (z Mass of an electron /Mass of an ion) 112 and is approximately equal to 0.01 The 
change in channel length also agrees with the current distribution measurements given 
in Secti on 9.2.2.2. This quantitative result supports the basic physics of emission-
limi ted conduction. 
9.2.3 Experimental results for slower rising pulses 
As 1: increases, the plasma distribution is changed in both the axial and radial d irections 
by the longer duration magnetic forces in the switch channel. Under these circumstances 
rhe switching process departs significantly from that fitting the fast pulse mode l. The 
conclusions reached from arguments made later in Section 9.2.3.6 show that the 
transition between the switching processes depends upon both l op and 1:, and occurs at a 
limiting value of J0p't2 = Kc. An understanding of the complex switching processes 
involved is emerging slowly from the results of switch experiments under a variety of 
conditions and measurements of the current. plasma density, and distribution in the 
switch channel. The broad conclusions drawn from the results of the various published 
investigations described briefly below were used as a guide to the plasma density 
needed, and the performance expected from the switch design. 
9.2.3.1 Comparison of the plasma at t op for fast and slow input pulses 
By detennining the nwnber of plasma sources needed for a PEOS to begin opening (at 
top), at the same input current level, but with rise times of between 60 and l 000 ns. It 
was shown that [Hinshelwood et al, 1986, Weber et al, 1991] 
(i) Much more plasma is needed at the longer times, with three sources be ing required 
to open the switch with a current rising to 240 kA in 60 ns, compared to twelve sources 
for l 00 kA in 400 ns. Six times as many sources ( 18) were needed for a current ris ing to 
750 kA in l flS than for a similar current input current with a 60 ns rise time. 
(ii) Profiles of the load current when a slower input rise-time current pulse opens the 
switch resemble those produced by fast input pulses, but have a longer rise-time. 
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9.2.3.2 Tbe plasma axial distribution 
The plasma at top (inferred from measurements of the current distribution) was shown 
to be distributed in half or less of the switch channel at the load end [Hinshelwood et al 
1986] 
9.2.3.3 The plasma density 
Integrated line measurements along the switch channel [Hinshelwood et al, 1992, 
Weber et a!, 1992) showed that electron number densities with a magnitude of between 
1015 and 1016 cm-3 were present in the switch, and that the plasma was redistributed in a 
radial direction in the switch channel. It was concentrated towards the anode and 
cathode during conduction, with a rapid density reduction (thinning) occurring in the 
central regions close to top· 
9.2.3.4 Hypothesis for the opening process 
From the results mentioned in Sections 9.2.3.3 and 9.2.3.1 (ii) the switch openjng was 
assumed to occw- as a two-stage process, with a slow line density reduction in the 
centraJ region of the switch due to J x B forces, followed by a rapid gap formation 
caused by erosion of the rarefied plasma as described by the OD model [Hinshe1wood et 
a!, 1992]. 
9.2.3 .5 Agreement between plasma density and calculated displacement 
Calculation of the centre-of-mass displacement in the axial direction of a thin plasma 
cylinder of radius r and length ]0 [Weber et al, 1991 ,) showed that plasma electron 
densities of between 1015 and 1016 cm-3 (in agreement with the measured values in 
Section 9.2.3.3) would be needed to restrain the plasma to one half or less of the switch 
channel, and so satisfy the conclusion reached in Section 9.2.3.2. A linear input current 
rise was assumed in the calculation for simplicity. 
9.2.3.6 Empirical equation for hydro-limited conduction 
The results given in Sections 9.2.3.2 and 9.2.3.5 argue that emission-limited conduction 
(eqn 9.1) does not apply to any situation where plasma displacement is greater than one 
half the switch length when the conduction phase ends at top· Also, from Section 9.2.3.4 
that the switch conduction phase ends (is lirruted), and the switch begins to open when 
the hydrodynamic displacement and thinning of the plasma reaches a critical 
configuration. An empir.ical equation (9.3) for these conditions (termed hydro-limited 
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conduction) [Weber et al, I 991] was therefore defined by equating the calculated 
plasma d isplacement referred to in Section 9.2.3.5 to lof2 . This resulted in a p red icted 
scaling between the conduction current density J0 p, the cond uction time t, and electron 
plasma-dens ity nc0 p, that is insensitive to the actua l displacement chosen. Thus 
(9.3) 
where M; is the mass of a carbon ion (19.92 x 1 o-27 kg) f.lo is the permeabili ty of free 
space and z = 2 which is the predominant value for the tlashboard plasma source 
(descri bed later) used in the switch design. Inserting component values into the equat ion 
gives J 2 2- 9 1020 op t - .5 1 X neop 
The prediction from eqn (9.3) that J0 p is proportional to n 114 (for J0 p(t) a. t) agrees 
closely with the relati onship obtained by experiment [Weber et al 199 1]. The 
intersection of the emission and hydrodynamic limited conduction in (J,t) space is given 
by combining eqns (9. 1) and (9.3) as 
(9.4) 
where Kc = 1.58 X 1 o-7 Amp m-2 s2 
The above equations, which are obviously somewhat speculati ve. were used to estimate 
the electron and related ion number densities, for both the PEOS design, and in relevant 
publi shed experimental switch resul ts. 
9.2.3. 7 Estimating the electron density at top 
Eqn (9.3) was used to determine whether or not the conduction phase is emission or 
hydrostatically limited. If the value ca lculated for J o" -r. 2is < Kc the switcning 
conduction phase is emission limited and eqn (9. 1) is used to obtain an approximate 
value of ncop. For J0 pt 2 > Kc the conduction phase is hydro-limited and eqn (9.3) is used 
to calculate ncop· Tt is readily shown from Eqn 9.3 that neop in terms of a PEOS input 
current lop at top when the conduction phase is hydro-limited, is given by 
(9.4) 
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9.3 Plasma sources 
Two different sources have been used to provide plasma in the PEOS switch channel; 
carbon guns [Hurnphries et al, 1979, Mendel et al, 1980, Weber et al, 1987] and 
flashboards [Renk et al, 1984, Hinshelwood, I 985, Renk, 1989]. Both sources produce 
plasma by causing the discharge current from a capacitor to flow across a carbon-coated 
insulator. A thin carbon layer is thereby heated, vapourised and ionised, and propelled 
away from the surface at supersonic velocity by the force resulting from the interaction 
between the current and its own magnetic field. 
Plasma sources are simple to construct and operate. They are reasonably reliable and 
give reproducible results. Plasma guns have been thoroughly researched, and were used 
in most experimental switches aimed at determining the characteristics of the switching 
process. Flashboards were developed to provide a wider and relatively uniform cone of 
plasma, and to fi ll large volumes in switches for high-current systems. 
9.3.1 Plasma guns 
In its simplest form, the plasma gun consists of a length of semi-rigid coaxial cable that 
is terminated either flush or with its centre slightly protruding. The insulator is then 
coated with a suspension of carbon particles 
in alcohol. 
The cable is fed via a triggered switch, to a 
small capacitor charged to a high voltage,. 
When the switch is closed, a voltage appears 
at the remote end of the cable, and a surface 
flashover occurs between the inner and outer 
conductors. This vaporizes and ionises a 
layer of the carbon coating, creating a narrow 
cone of propagating plasma. 
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Fig.9.3: Probe measurements of carbon-
gun plasma parameters in vacuum, I 0 cm 
from the gun. 
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9.3.2 Plasma gun characteristics 
The carbon gun has been analysed usmg several standard measurement techniques 
[Hochte-Holtgreven, 1968, Badaye et al, 1991]. Typical profiles of ion flux and plasma 
density are shown at a distance of 0.1 m from the gun in Fig 9.3 [Weber et a1 1987]. 
The fall to zero of the ion flux result was attributed to the reduction of the drift velocity 
with time, making Faraday cup measurements of ion current density insensitive to the 
ambient plasma density. The gun current can be seen to be an underdamped sinusoid, 
with a first quarter period of 0.5 )..l.S and a peak value of 35 kA. M is the time delay 
measured from the start of the source current to the time the PEOS opens in an 
experiment. 
9.3.3 .Fiashboards 
As shown in Fig 9.4(a) , a flashboard is made 
from a short section of flat strip-line, 
consisting of a thin plastic base (often 
Kaplon) with copper deposited on each side. 
Much of the side to be connected to the high 
voltage supply is etched away, to form a 
network of chains each with a num ber of 
tlashover gaps in series. The gaps are coated 
with a carbon composition, and when the 
parallel chains are connected via a low-
inductance line and triggered switch to a 
charged capacitor, carbon wns are 
propagated from the surface of the coated 
gaps by a similar process to that described 
above. Propagation from the surface 
proceeds as indicated in Fig 9.4b. Fig 9.5 
shows measurements obtained from a 
tlashboard driven by a discharge circuit that 
provided a current maximum of 27 kA from a 
0.6 )..l.F capacitor charged to 25 kV [Renk, 
1989). The profil e amplitudes were shown to 
Six chains of 
copper islands coated gaps 
copper 
I ~ 
I 
:PLASMA Vd 
---. 
insulator (a) (b) 
Fig. 9.4: Flashboard . (a) front view 
(b) s ide view 
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Fig.9.5: Typical bank current, biased charge 
collector, and electric double-probe signals 
produced at 5 ern from a tlashboard dri ven 
by a 0.6 11F bank. 
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be adjustable by changing the circuit parameters, in particular, halving the voltage 
approximately halves the plasma density output with little change of the drift velocity. 
9.4 The PEOS design details 
The PEOS produced at Loughborough was based on an NRL design (Gamble 2) that 
employed a coaxial configuration. For an input current rising to 950 kA in 
approximately 60 ns, Gamble 2 opened at values of M ( delay between initiation of the 
plasma and opening of the switch) between I !lS and 1.8 !lS for input amplitudes 
between 600 kA and 900 kA [Neri et al, J 987, Weber et al, 1991]. The corresponding 
range of plasma densities accumulated in the switch channel from the three flashboards 
positioned 100 mm from the 25 mm radius cathode, was determined from the switch 
opening cunents and dimensions, using the methods described in Section 9.2.3.7, as 
between 6.3 x 1019 and 12 x 1019 m·3. When opening at 600 kA its conduction phase 
was emission-limited, whereas at 900 kA it was hydro-limited. The estimated plasma 
drift velocity at opening time was given as about I 0 cm/~s. 
To accommodate the anticipated conditioned outputs from the flux compressor or 
capacitor bank given in Section 9. 1.1 , a similar flashboard arrangement was used to 
provide plasma to a 22.5 mm radius cathode, via three gauze covered apertures tOO nun 
long, 50 mm wide and equally spaced round a 45 mm radius anode. An input inductance 
of less than l 00 nH was required to ensure that a 300 ns input pulse rise-time was 
obtained from the capacitor bank 
9.4.1 Range of opening currents 
The expected range of current amplitudes that will open the PEOS design, given the 
correct plasma pre-delay (described later) for the proposed input currents and rise-times, 
was calculated as fo Uows. The input conditions for the FLEXY and capacitor bank 
driven PEOS were inserted into eqn (9.4), to establish whether they had an emission-
limited or hydro-limited conduction phase. The limits calculated above of plasma 
densities available from the flashboard system were then inserted into the appropriate 
equation (9.1 or 9.3), together with the related value of input rise-time (100 ns or 300 ns). 
Limits for the cathode cunent density Jop and hence fop were extracted from the 
equations. 
The calculations showed that the FLEXY driven PEOS had an emission limited 
conduction phase, and will open for input current an1plitudes between 346 kA and 486 
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kA . The capacitor bank driven PEOS is hydro-limited and can be expected to open at 
input current levels between 11 S kA and 160 kA. These figures are based on 
calculations of the plasma density needed for the high current experimen ts conducted 
with the Gamble 2 PEOS. They are therefore regarded as being correct for the upper 
limits of input current, but the lower limit can probably be extended. 
Fig.9.6: PEOS trial layout 
9.5 Tests of a flash board assembly layout Fig. 9.7: The fl ashboard capacitor discharge 
circuits mounted on top of the vacuum bell. 
Preliminary investigations were made of the 
plasma sources constructed for the present study, their associated charged capacitor 
current sources, and the triggering and connecting circuitry with the intention of 
obtaining an insight into their characteristics, of highlighting any circuit layout 
problems, and of determining the best arrangement for the switch components in a final 
compact design of the FLEXY conditioning 
circuit. A PEOS with a trial tlashboard 
layout was constructed and attached to 
connections on the base of the steel vacuum 
bell with integral vacuum system described 
in chapter 4. Fig 9.6 shows this 
arrangement. The flashboards were 
positioned 0.1 m from the cathode 
conductor, and were held in place facing 
the gauze covered anode plasma entrance 
ports by plastic supports attached to the 
Fig. 9.8: Preparing the connecting cable 
ends prior to lowering the bell. 
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anode. The three 0.6 !J.F capacitor discharge circuits needed to feed current to the 
flashboards are shown arranged on top of the bell in Fig 9.7. A solid dielectric switch 
triggered the discharge. and the output current entered the bell via lead-though 
connectors in its top 0.2 m diameter Perspex plate. Three parallel-connected coaxial 
cables completed the internal circuit to each flashboard. Fig 9.8 shows the ends of 
coaxial cables being prepared prior to connection to the tlashboards and lowering of the 
vacuum bell for a low-pressure test. A schematic diagram of the J1ashboard circuit 
together with a block diagram of the high voltage and trigger components are given in 
Fig 9.9 
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Fig. 9.9: (a) Schematic offlashboard circuit.(b) Block 
diagram of its HV and trigger components 
9.5.1 Flashboard construction 
B 
(a) 
The flashboards were made from 1.5 mm thick double-
sided printed board, 170 mm long and 80 mm wide. By 
etching away the surplus copper, six chains of 8 mm 
long and 5 mm wide copper islands, with 2 mm long 
gaps between them were formed. The copper near the 
edge of the board was also etched away, and copper foil 
was soldered at each end of the chains to complete tbe 
current paths. Tape was used to mask the plasma 
producing side of the flashboard, Fig. 9.10: Flashboard front view 
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leaving onJy the gaps between the islands to be sprayed with a carbon composition 
Aerodag (Acheson Collo ids Company). Fig 9 .10 is a front view of a flashboard 
9.5.2 Results and problems arising in the trial layout 
A number of possible problems in the final design were highlighted by the trial layout. 
In particular, the length and number of parallel-connected high-voltage coaxial cables 
needed inside the bell to feed the necessary current from the lead-though connectors to 
the tlashboards, and that had to be connected each time the bell was lowered to enclose 
the switch, posed problems. This il lustrated that in a compact fi nal design, the 
Dashboards should be attached to the top plate of the vacuwn enclosure, and that a 
different method of low-inductance connection should be sought. 
Repeatable values of the required discharge current were obtained (approximately 24 
kA with a quarter period of 0. 7 ~s) from the discharge circuit and associated 
components, with the capacitors charged to 25 kV. Some arcing however occurred to 
the steel bell, when discharging with the internal pressure reduced to its working value 
of 1 o-3 Pa. 
To avo id the above problems, a cylindrical non-conducting vacuum vessel with 
removable top and bottom plates was used for the final design. The switch is attached to 
and passes though the bottom plate, and the flashboards are mounted on brackets that 
attach to the top plate and protrude into the vessel. Low-inductance strip-l ines convey 
current to the flashboards via manufactured strip lead-through connectors. 
9.6 Optical observation of some flash board characteristics 
The characteristics were obtained from a flashboard hung from the perspex plate at the 
top of the bell, with the internal pressure reduced to 1 o-3 Pa. The flashboard was 
connected to the discharge circuits via a short internal connecting cable. Switching with 
an explosive detonator enabled the performance to be observed over a range of 
capacitor voltages. An Imicon camera operating at 107 frames/second viewed the 
flashboard via one of the ports in the bell. Although the observed light output intensity 
from the propagating plasma cannot be directly related to its density, it is certain that 
the light indicates a region of the plasma in which there is power deposition. Difficulty 
was experienced with the camera light settings needed to accommodate the wide range 
of light intensity, and also with synchronisat ion of the flash waveform with the camera 
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Fig. 9.11: Optical results; Front views, (a) with the discharge capacitors 
charged to 25 kV, (b) with the capacitor charged to 10 kV. 
timing pulses. Viewing the light intensity from the six gapped chains of the Dashboard 
confirmed the fo llowing 
(i) Flashboard coating procedure 
Three coatings of Aerodag with up to a day for drying between them were needed, 
together with a few initial "seasoning" discharges, to achieve identical and many time 
repeatable luminous discharges from the six chains. 
(ii) Light output intensity 
The light intensity profile matched that of the flash waveform, with the d ischarge 
current and light intensity maximum occurring at the same time. Fig 9. 11 (a) shows the 
result obtained when viewing the fl ashboard, with the discharge current provided by the 
circuit capacitor charged to 25 kV. 
(iii) Minimum voltage operation 
Identical luminous characteristics for the 
six chains were not obtained when the 
capacitor discharge voltage was reduced 
from 25kV to below I OkV. Only a few 
chains flashed initially, followed by others 
after some delay. See Fig 9. 11 (b) 
Fig 9.1 1 (c) is a side view of the board a 
fraction of a microsecond after the flash 
discharge was initiated, and shows clearly 
Fig. 9.11: (c) side view showing plasma 
issuing from the board 
a luminous front (presumably p lasma) issuing from the board. 
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9.7 PEOS construction 
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Fig. 9.12: General line diagram of PEOS 
9.7.1 General considerations 
To satisfy the envisaged arrangements for nux compressor or capacitor bank drive the 
switch and its associated components were des igned as separate compact modules. 
Cylindrical input connections were used for the switch to enable it to be attached 
directly to the conditioned output of the nux compressor. AJternatively, it can be 
connected via a low-inductance cylindrical-to-plane line adapter (termed a fish tail) to 
strip-line outputs from a flux compressor or capacitor bank. Current from a compact 
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triggered di scharge circuit is conveyed to the flashboards via low-inductance strip-lines. 
Vacuum-tight strip connectors in the top plate of the vacuum vessel enable the lines to 
complete the circuit as described earlier. A small two-stage vacuum pump connected to 
the PEO top plate through a short flexible hose completed the required switch 
accessories. 
9. 7.2 Construction details 
9.7.2.1 The switch 
Fig. 9. 13: View of PEOS component parts 
PVC was used for the input components 
and the main body of the switch. with 0-
rings providing the required vacuum seals. 
Ridges were cut along some of the input 
surface to increase the length of the 
voltage breakdown path. 
Fig 9. 12 is a line diagram of the PEOS and 
Fig. 9.14: View of the PEOS internal and 
top plate assemblies. 
the component parts can be seen in Fig 9.13. Fig 9. 14 shows the internal switch 
assembly. without either the plastic vacuum container or the load connection. The 
flashboards and 70% geometric transparency gauze are clearly visible. The gauze 
provides a conducting path for the current, while allowing the plasma to pass through 
and {ill the anode-cathode gap. 
9.7.2.2 The flashboard discharge circuit arrangement 
A compact version of the discharge arrangement shown earlier in Fig 9.7 was bui lt. Its 
schematic circuit being the same as that of Fig 9.9, Three 0.6 ~LF capacitors triggered by 
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a solid dielectric switch were arranged to provide a low inductance strip-line circuit to 
each flashboard . The unit is seen nearing completion in Fig 9.15. The output currents 
are conveyed to the switch, and via vacuum tight feed-through strip-line connectors in 
the top plate to the flashboards as shown later in Fig 9. 18. Each copper line is shrouded 
Fig. 9.15: A view inside the capacitor 
discharge circuit. 
30 
20 
kA 
10 
5 
Fig. 9. 16: A nashboard c u rre nt wa vefo rm . 
in thin polythene faced Mylar, which when heated formes an envelope with excellent 
edge insulation, when taped together the lines form a semi-rigid line harness. A 
Cock.roft-Walton vo ltage multiplier provided the charging voltage, and an 8 kV pulse 
generator provides the triggering source. 
Fig 9. 16 shows the discharge current 
recorded from one of the flash boards. 
9.7.2.3 The flashboard connections 
One end of each of the flashboards 
described in Section 9.7. 1 is secw-ed to the 
remote end of a pi llar, as seen in Fig 9. 17, 
which in turn is attached to a flange 
protruding from its high voltage feed-
through line connector The other ends of 
Fig. 9.17: Flashboard connections 
the flashboards are attached by Mylar wrapped copper strip-lines and a large central 
lead-through connector to their common return lines. 
9.7.2.4 Flux probes 
To enable the load current to be measured, two flex ible probes with 5 turn 1.46 mm 
diameter coi ls are secured to the inner surface of the 90 mm diameter anode. The probe 
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cables are brought out through holes in the 
anode and attached to feed-through 
connectors in the top plate. 
9.7.2.5 The PEOS load 
An aluminium plate secured to the ends of 
the anode and cathode cyli nders, w ith soft 
aluminium foil compressed between them 
to ensure a good contact, provides the short 
circuit load. The full y assembled PEOS 
with the tlashboard strip- line harness 
attached is shown in Fig 9. 18. 
9.7.2.6 T he vacuum system 
Fig. 9.18: Fully assembled PEOS with 
na hboard strip-line harness. 
A compact diffusion pump is used to evacuate the switch to a pressure o f 10"3 Pa. 
9.8 Appraisal of the PEOS on the capacitor bank 
9 .8.1 Experimental arrangement 
Two adaptors, termed fi shtaj ls and shown 
in Pig 9.19, are used to provide a low-
inductance connection between the 
cylindrica l geometry of the anode and 
cathode of the PEOS and the plane 
geometry o f the capacitor bank output 
strip-lines. A single-stage conditioning 
circuit provides an output current of 
approximately 200 kA to the PEOS in less 
than 400 ns, when driven by the laboratory 
capacitor bank charged to 25 kV. Fig. 9.19: Fishtail cylindrical to plane 
adapter. 
- -- - - - - - ------------
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Flashboard discharge 
and trigger circuit 
Fig. 9.20: PEOS connected to the single-stage conditioning circuit driven by the 
capacitor bank. 
Fig 9.20 shows the PEOS connected to the conditioning circuit, together with its 
associated components. 
9.8.2 Equivalent electricaJ circuit 
Fig 9.2 I shows the equivalent 
electrical circuit of the two-stage 
conditioning system. Resistors R, 1 
and Rt2 include the closing switch 
resistance of the corresponding 
circuit, while the inductance Lt 
includes the ballast inductance 
needed to restrict the current to 
11 l2 R,2 L12 
Fig. 9.21: The equivalent circuit electrical 
arrangement of the two-stage conditioning 
system. 
about 600 kA. Details of the opening and closing switches (OS and CS) are given in 
Chapter 8. 
9.8.3 Diagnostics 
The currents in the experimental circuit are measured by integrating the output of flux 
probes positioned in the circuit and PEOS load. The voltage across the open circuiting 
foil (OS), is measured by a water resistor voltage probe. However, because of the 
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electromagnetic noise generated by the actions of the closing switch (CS), a Faraday 
rotation transducer [Enache et al 1997] was also included, to provide an additional 
noise-free measurement of the current transferred to the PEOS. Complete noise 
immunity is ensured by using 30 m long optical cables to connect the probe to a battery 
powered laser light source at one end and an opto-electronic converter feeding an 
oscilloscope at the other. The components at both ends are contained within special-
purpose Faraday cages. Twelve channels of recording on fast digital oscilloscopes are 
needed to obtain a full appreciation of the circuit characteristics. 
9.8.4 Initial tests 
Values of circuit parameters and calibration figures for the load probes were obtained 
from results of a test without a plasma and conducted at 12 kV, as described in Chapter 
4.7.4, with the thin foils of the OC and CS switches replaced by thick ones of the same 
dimensions. Table 9.1 details the parameters of the circuit of Fig 9.21 as obtained from 
this test. 
capacitor I transmission opening switch (OS) closing switch (CS) load bank lines 
c V Ltl L,z Rtl Rr2 t I w Lr R,(O t I w Rcs(O LL RL(O) 
!1F kV nH nH mn mQ ~llll mm mm nH mn flm mm mm mQ nH mn 
238 21 110 90 3.20 2.00 17 500 155 60 3.26 100 4 5 0.03 10 1.00 
Table 9.1 Parameters of the two-stage condition ing switch. The open ing s witch was a copper 
foil. The closing switch had seven aluminium bridges. r, thickness; I, length; w, width, Rt{O), 
Rcs(O) and Rt(O), in itial calculated values 
9.8.5 Plasma pre-delay 
A plasma source system capable of producing the ion number densities calculated by 
eqns (9.1) or (9.3), propagates plasma ions across the distance between the source and 
the cathode in a time t' , filling the switch channel with plasma of sufficient density to 
constitute a virtual short-circuit to the PEOS load. Ions from the source continue to 
accumulate in the channel and will reach the number density (neop) needed to open the 
switch at time top· The pre-delay between initiation of the plasma and applying the input 
current to the PEOS (which must be > t'), and the related time ~t to bring neop into 
coincidence with the time of arrival of the corresponding input current lop, were 
determined by experiment. 
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9.8.6 Experimental procedure 
The correct value of ~t was determined from a series of experiments with the input 
current pulse applied to the PEOS at different times within a 1 J..lS window, starting 1 J..lS 
after the flashboards are triggered. Fine-tuning of the input current characteristics was 
achieved by making small adjustments to the width of the OS foil. 
9.8. 7 Experimental results 
The PEOS opened at ~t =1.6 J..lS. 
Fig; 9.22 - 924 show experimental 
results obtained for the circuit of 
Fig 9.21. The circuit was intended 
to produce a very much faster rise 
in the current 13 transferred by the 
PEOS to the load than that supplied 
to the circuit I 1 by the capacitor. Fig 
9.22 shows that this was clearly 
achieved, with the 5.5 J..lS needed for 
the capacitor current 11 to rise to 
about 500kA being reduced to less 
than I OOns for 200kA in the load 
current. The initial time rate of 
Increase of current from the 
capacitor bank of about 1.2 x 1 01 1 A s _, 
(Fig 9.23(a)) has been raised to 
about 5 x 1012 A s-1 (Fig 9.23 (c)) in 
the load. The simulated results 
(from a model discussed later) are 
also included in the figures. 
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Fig.9.22: The variation of circuit currents with 
time: (a) all currents and (b) an expanded view 
of 12 and 13: ( ) , theory;and ( • • • ), 
experiment. 
The initial value of the rate of change with time of the current into the PEOS, following 
operation of the CS, depends on the voltage level ach.ieved across the OS. Voltages 
exceeding 80 kV can be obtained with an unswitched OS using the optimal fuse 
dimensions obtained from the computer program given in Chapter 8.10.2, a lthough this 
voltage would damage the capacitors. For an acceptable current transfer, the CS 
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characteri stic must therefore be arranged such that it switches withjn a time window 
when the voltage across the OS is between 45 and 80 kV (Fig 9.24). 
The re latively small discrepancies 2x Jo11 .------.----,----.-- --r--"T"""--..-----.----, 
apparent bet\-Veen the predicted and lx 1011 r ....... ~o.,...,..__.. __ _ 
actual capacitor current results (I 1 in o 
Fig 9.22 (a)) are attributable to slight - JxJ011 
inadequacies 
,-... 
Vl 
111 the numerical < -2x.J011 
representation o f the main switch S J. 
Because the OS foil model was obtained 
'-' 
2x J011 
0 
·8x1011 
2 4 
time (~ts) 
6 8 (a) 
from experiments that did not involve 
stage switching, small differences 
also exist between measured and 
predicted variations for the OS voltage 
after switching, as seen in Fig 9 .24.This is 
not altogether unexpected with the 
quite s imple model that was used . 
Far more complex models based on 
atomic data [Lindemuth et a1,1985] 
have needed an adjustment parameter 
[Lindemuth et al, 1989] to ensure a 
good fit between experimental and 
measured characteristics. 
- Jxl0'2 L-_.. _ __.J.. _ _._ _ _._ _ _.___L-_.. _ _.J 
A particular feature of the results is 
the good qualitative agreement of the 
load current profil e with that 
obta ined for an errussion limited 
opening process. The normal erosion 
phase that begins when the influx of 
ion current is insufficient to maintain 
a steady gap and the enhanced 
erosion when the magnetic field 
increases the electron lifetime in the 
0 2 
t.3xto13 
4 
time {!JS) 
measured 
peak 
6 (b) 
enhanced 
normal ll erosion 
8 
eros10~jJJ. "1.. 
0.0 I,_....._.....J._ ....... _.__J,j5iL~~~ ...... -~ 
6.0 6.2 6.4 6.6 6.8 (c) 1 .o 
time (!ls) 
Fig. 9.23: The variation of rates of change 
of current with time: (a) dl/ dl, (b) dl j dt 
and (c) dl/ dt: (--), theory; and(---), 
experiment. 
gap, greally increasing the ion current fraction, can be clearly distingui shed in both the 
experimental and simulated results in Fig 9.23(c). These facts are in agreement with the 
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hypothesis given in Section 9.2.3.4 that the final opening process of a hydro-limited 
switch after thinning of the plasma, is a rapid gap formation by erosion of the rarefied 
plasma. 
A change that would improve the 
behaviour of the system for those 
applications 111 which a faster 
current rise time is needed is to 
adopt the advanced foil open switch 
design discussed in Chapter 8.9.2. 
The magnetic flux associated with 
the OS then remains within the main 
circuit after the action of the CS. 
Predictions show that this, together 
with minimising the inductance of 
the transmission-line component of 
80 --······----····-··-·-····-·-··------···-··-·-·········-----.i.L _______ _ 
operating I ' 
window 
>40 
20 
o~--~--~--~~~~--~--~--~ 
0 2 4 6 
time (~ts) 
Fig.9.24: The variat ion of the OS vo ltage 
with time: ( - ), theory; ( • • , , 
experiment;and (--··· ··· ··),that predicted 
in the absence of the action o f CS. 
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the coupling to the PEOS, and optimising the circuit inductance, will produce a ri se-
time of the PEOS input current up to the threshold opening value of about 1 00 ns, 
giving a rise-time of the load current approaching I 0 ns, which is in accordance with 
that used in PEOS experimentation elsewhere [Weber et al, 1987]. 
9.9 N umericaJ model 
A complete numeri cal model (unpublished communication from Dr B M N ovae) was 
developed for the two-stage conditioning system of Fig 9.2 1 with the system of 
equations being similar to those described in Chapter 8 Section 8.9 and assuming that 
the PEOS conduction stage was emission-limited. The equations were solved 
algebraically for the time of change of current, with the resulting set of first-order 
differential equations being solved numerically using FORTRAN software. At each 
time step of the solution, the OS foil resistance Rr and the CS bridge resistance Rb, were 
obtained, using experimentally derived (Chapter 8) variations of the dynamic resistance 
ratio with specific energy deposited for the 17 !-LI11 copper foil (Fig 8.6) and for the 100 
1-Lm aluminium bridges (F ig 8.22), after first calculating the specific energy deposited. 
The second stage of the conditioning c ircuit (including the PEOS) was coupled 
according to the closing -switch function (Fig 8.2 1 ). 
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Calculation of the PEOS resistance and critical currents for the four opening phases 
was by the standard NRL method. This method gave a close fit to the experimenta l 
results when used to simulate the output c haracteristics of the Gamble 2 switch with a 
emission limited conduction phase for top= 600 kA [Neri et al , 1987 Weber et al 1991). 
The load res is tance of the PEO was mode lled using the exponen tia l skin depth 
formula. [Knoepfel , 1970]. 
9.9.1 Simulating the experimental results 
The model can be used to s imulate a PEO whose conduction phase is emission-
limited. The conduction phase for the slower (- 300 ns rise-time) input pulse provided 
by the conditioned output of the capacitor bank was however shown to be hydro-
limited. and the switch begins to open at lop, when the plasma in the central region of the 
switch channel is reduced to a low value. Beyond lop however. the output load current 
profi le has been reported ( ection 9.2.3. 1 (ii) and ection 9.2.3.4) to resemble a 
lengthened version of that expected from an emission-limited plasma erosion opening 
process (s imilar to that of b in Fig 9.22) that satis fies the OD model. An exploratory 
approach was therefore adopted to s imulate the experimental results. The numerical 
model was initially assembled using the PEO OD model with appropriate plasma 
values inserted to satisfy equation (9.2) for the bipo lar thresho ld current (10p) The 
equation was set equal to the experimentally deri ved opening current o f about 150 kA, 
and a value fo r the plasma drift velocity was extracted from it. The c lose fit to the 
experimental results shown in Fig 9.23(c), was then obta ined by making adjustments to 
the values of the plasma components. and channel length in the NRL equations. Initial 
and adjusted best fit values for the switch were 
(i) Initia l values 
niop = 8.85 x 1018 m·3, Vo = 7 x I 04 m s·1 lo = 0.05 m, to satisfy the agreement reached in 
section 9.2.2.4. 
(ii) Best fi t values 
niop= 1.35 x 1019 m·3, Vo = 9 x 104 m s·1, lo = 0.025 m 
Future analysis of thi s exercise may well yield additional insight into the underlying 
opening process. 
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9.10 Conclusions 
As deve loped, the conditioning circuit is capable of suffi ciently reducing the rise time 
of the current from several microseconds a t the output of a capacitor bank to operate the 
PEOS sati sfactorily, and to transfer current to a load with a rise time below I 00 ns. It is 
relatively straightforward to adapt the system to high energy flux compressor dri ve, 
with s imple, or explos ively formed exploding foil output conditioning, or both, to 
provide an input pulse to the PEOS of several kiloamps ri sing in less than I 00 ns. The 
resulting emission limited opening process, can be expected to result in load voltages 
increasing at up to I MV ns-1 when working into a highly resistive load. [Webe r et al 
1987]. 
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CHAPTERlO 
PROPOSED CONDITIONING ClRCUITS FOR FLEXY 
A central aim of the thesis was to produce a current pulse rising in about 10 ns to several 
hundred ki loamperes, by conditioning the output of the Flexy flux compressor using 
exploding foil (fuse) current sharpening stages and a final stage of PEOS switching. The 
studies presented in Chapter 8 of the characteristics of fuses as opening and closing 
switches in high current circuits, and their use in transferring current rapidly to a low-
inductance, have led to a clear understanding of fuse sharpening techniques. In addition 
the work in Chapter 9 has led to an appreciation of the design, construction and use of a 
PEOS and to the input conditions needed to produce an output pulse that satisfies the 
central aim. 
The insight gained into the switching technology enabled decisions to be made on the 
best conditioning circuit arrangements. When used together with empirical models for 
the time varying components obtained from an extensive experimental program, an 
assessment was obtained of the performance ofthese circuits. 
Simple fuse sharpening stages are easy to implement and, when used to condition the 
discharge waveform of the laboratory capacitor bank, sufficient energy input rates to the 
fuse were provided to enable it to pass quickly though its melt and vapour phases. Under 
these conditions, electric fields of between 3 and 4 k V /cm were sustained before restrike 
occurred across the fuse. Automatic operation ofthe sharpening stage was also achieved 
by using a fuse as a closing switch. This technique was used to provide an input to test 
the PEOS described in Chapter 9, and it was subsequently predicted that by improving 
the fuse layout and optimising the circuit inductances, a PEOS output rise-time of 10 ns 
would be obtained. 
However, when the current source had the longer time-scale current waveform provided 
by the Flexy flux compressor, the energy input rate was reduced and restrike occurred at 
an electric field of 1.2 kV/cm. In addition, at restrike the energy dissipated by the fuse was only 
about one third of that necessary to fully vapourise it. The lower restrike electric field is 
regarded therefore as being due to differences in the thermal and hydrodynamic 
behaviour of the foils during the melting and vapour phases, as a consequence of the 
lower input energy rates. Clearly, the dynamic resistance ratio is also reduced. Replacing 
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f:v by cv I 3 in eqn (8.6) gives 10 as three times longer for optimum fuse sizing conditions 
for Flexy experiments than for those conducted using the capacitor bank. 
The explosively formed fuse described and appraised in Chapter 8, overcomes the energy 
rate problem by changing a thick foil in the load circuit into a fuse at the most 
appropriate time on the Flexy output current waveform by reducing its thickness. lt is 
however difficult to implement this technjque, as it requires an explosive assembly with 
special initiating techniques. 
It is clear from Chapter 9 that to provide an output from the PEOS risi ng in I 0 ns, the 
input current must reach the thresho ld operung level in I 00 ns or less and, if the 
conduction time is emission limited, the OD model can be used to determine the PEOS 
characteristics. Setting the rrunimum PEOS threshold current as 300 kA, a time input 
current derivative of 3 x 1012 A s-1 is required to satisfy the central aim, and a voltage 
pulse across the 80 nH PEOS input inductance exceeding 240 kV is needed to achieve it. 
The vo ltage across the fuse when the c losing switch is operated, must be greater than the 
above value to account for the voltage induced in the fuse and coupling circuit 
inductances. 
This chapter provides a brief description of the procedure gtven 111 an unpubli shed 
communication from Or Novae of the Electroruc and Electrical Engineering Department, 
who carried out the numerical calculations using Fortran computer language. This is 
fo llowed by two possible Flexy dri ven ci rcuits that use fuse conditiorung to feed the 
PEOS. The first of these has a single conditioning stage while the second has two stages 
with an output transformer to raise the input voltage to the PEOS. Both circui ts fail to 
achieve the input voltage level to the PEOS needed to satisfy the central aim and they are 
therefore not presented in great detail. Comments are given on the implementation of the 
fuses, together with suggestions of ways of improving the performance of the circuits. A 
proposed Flexy driven circuit using an EFF conditioning stage to feed the PEOS follows. 
Calculations show that this combination can satisfy the central a im and details of a 
proposed future experiment are therefore presented. 
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10.1 The calculations 
A set of first-order differential equations was derived to describe each of the proposed 
Flexy driven circuits, and these were solved in a similar manner to that described in 
C hapter 8. At each time step of the solution , the data from Figs 1 0.2, I 0.3 , and I 0.6 for 
Flexy, the fuses and the EFF, obtained from the results of the capacitor bank and Flexy 
driven experiments, were used as necessary to provide their corresponding characteristic. 
A number of tria l runs of the computer program were needed to determine the best fuse 
dimensions to use. 
10.2 Designs with simple fuse stages feeding a PEOS 
10.2.J Single stage of fuse conditioning 
The equi valent circujt for the proposed Flexy driven conditioning circuit with a s ingle 
stage of current sharpening is shown in Fig I 0 .1. The model used for the fuse in the 
calculations (curve FEMF in Fig 1 0.3) was derived from the results of the Flexy I foil 
experiments of Chapter 8, during which the foil restruck at an electric field of 1.2 kV . 
The best fuse dimensions determined from many trial runs of the computer program had 
a width of 300 cm, giving a cross-section close to that of the fuse used in the Flexy 
experiment F3, and a length of 240 cm. lt was envisaged that thjs large fuse could be 
arranged in a similar manner to that of the Flexy F3 experiment (described in ection 
8.6) with s ix 50 cm wide foil strips in paralle l but with its length accommodated by 
folding it concertina fashion. This would result in a flat package about 60 cm wide by 50 
20 nH 
FCS/SDS 
r, 
Capacitor bank Flexy FOS PEOS 
Fig. 10.1 : Equivalent circuit for proposed conditioning scheme, S0 - start switch, 
c- crowbar switch, FCS I SDS - foil or solid dielectric closing switch, FOS -
foil opening switch, Subscripts: t - transmission line, g - generator f - foil. 
- - - - - - - ------------ --
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cm long or, to sujt the Flexy geometry, in a packaged coaxial arrangement. 
Supplementary experiments will be necessary to check the model for this huge fuse. and 
to determine the most appropriate closing switch and its synchronisation. 
The calculated current at the input to the PEOS for the opening fuse described above 
however ri ses to 300 kA in 240 ns, and so fail s to meet the I 00 ns rise-time specified 
earlier. 
I) 0.111 
0.08 
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- 0.6 
0.02 
Fig 10.2: Time variation of flux compressor 
Parameters; Rg == resistance (to fit experi menta I 
data).L8,dLg'dt ::::: inductance and its rate-of-
change with time (calculated) 
10.2.2 Two Stages of Fuse Conditioning 
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Fig I 0.4 shows the equivalent circuit for the proposed Flexy driven output conditioner 
with two stages of fuse conditi.oning followed by a transformer to feed the PEOS. The 
first fuse (FOS I in Fig 1 0.4, has the same dimensions as that used in the F3 Flexy I fuse 
experiment. Fuse FOS 2, optimised to give the best performance, is 58 cm long and 68 
cm wide. 
Switch S1 is closed when FOS 1 (modelled by the FEMF curve in Fig 10.3) approaches 
its restrike electric fie ld, having dissipated approximately a third of the energy needed to 
vaporize it (Chapter 8 Section 8. 1 0.3). It was expected that current would then be 
transferred into the second fuse sufficiently rapidly to produce a significant increase in 
the rate of energy input as it passes through its melt and vapour phases. It can thus be 
modelled by the curve derived for the capacitor bank driven fuses (CBEMF in Fig 10.3). 
It was further anticipated that the voltage developed across FOS 2 as it approaches its 
restrike electric field of between 3 and 4 kV I cm and S2 is closed, together with a 
176 
transformer step-up ratio of 2:1 , will produce sufficient voltage across the PEOS input 
inductance to achieve the required time rate of current increase. 
FCS M SOS 
capacitor Flexy FOS I FOS 2 PEOS 
bank 
Fig. 10.5: Arrangement of proposed conditioning scheme. S0 - start switch, Sc1 -
crowbar switch, FOS - foil opening switch, FCS - foil closing switch, SDS solid 
dielectric closing switch. Subscripts: t - transmission line, g - generator, f - foil , 
p,s - transformer primary and secondary. 
The calculated current characteri stics at the input to the PEOS of a current rising in 
300 ns to 300kA was however again inadequate. This poor result and the complicated 
nature of the circuit with two fuses and two closing switches to be synclu·onised, plus a 
transformer, ruled it out as a viable contender to feed the PEOS. 
10.2.3 Discussion of the results 
The capacitor bank and Flexy driven fuse experiments provided some quantitative results 
to support the discussion in Chapter 8 that the effectiveness of a fuse as an opening 
switch depends upon it moving rapidly though its melt and vapour phases, which in turn 
depends upon the rate of energy input provided by the current source. With the 
laboratory capacitor source, tbis happens sufftciently rapidly to produce a very effective 
opening and closing switcrung characteristic. When the current source is however Flexy, 
with its long run-time, the transition is slower and the fuse restrikes before it is fully 
vaporised. Consequently the fuse opening and closing characteristics are less effective. 
The dynamic resistance ratio when the energy dissipated at restrike is reached is also 
reduced as shown in Fig 1 0.3, and much longer fuses are required to satisfy optimum 
sharpening conditions as described in the introduction. These are clearly the reasons for 
the disappointing performance of the proposed fuse sharpening circuits, and although 
some improvement to the rise-times would be gained by arranging the fuses in the 
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advanced layout described in Chapter 8 it is nevertheless doubtful that the target could be 
achieved. 
10.2.3.1 Crowbar switch technique 
Another way of improving the performance of a Flexy driven circuit with a single fuse 
and a transformer feeding a PEOS, is to use a crowbar to effectively disconnect the Flexy 
from its conditioni ng circuit when the fuse voltage reaches its maximum. The circuit, 
and details of the fuse dimensions selected to illustrate this technique, together with 
predictions of its performance, are presented in Chapter 8. Calculations show that the 100 
ns current rise-time needed at the input of the PEOS can be achieved. Further 
investigation is needed however to determine a satisfactory way of crowbarring the 
circuit to demonstrate the technique. The crowbar switch Sc2 shown dotted in Fig I 0.4 
would also enhance the performance in a similar manner. 
10.2.3.2 Fuse driven by a fast generator coupled to FleX)'· 
A conditioning approach that avoids the problem of low rates of energy input to the fuse 
is to couple Flexy by means of a large dynamic transformer (refetTed to in Chapter 2) for 
example, to a flux compressor with a shorter run-time (less than 20 J.!S), with its output 
conditioned by a fuse stage and a PEOS. Such an arrangement would also be preferable 
for higher energy and performance systems, in which a very large EFF and its associated 
explosive assembly would be needed in the conditioning circuit proposed below. 
1 0.3 Flexy with an explosively formed fuse (EFF) and a PEOS 
Fig 10.5 shows the equivalent circuit for a proposed future experiment. Since it is 
regarded as the most promising for future research, when it is necessary to produce mega 
volts across a resistive load, it is therefore described in more detail . 
Fig 10.6 shows the time variation of the dynamic resistance (curve labelled LUT) of the 
EFF obtained from the experimental results in Chapter 8, and also that obtained from a 
similar experiment conducted at LANL [Goforth et al 1 985]. Both experiments were in 
plane geometry, with 5 extrusion grooves, and used the same standard fuse forming 
grove dimensions. The similarity of the two curves is clear, although their shape and 
maximum values differ. 
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CAPACITOR 50 kA FLEXY EFF PEOS LOAD 
BA K 
Fig. I 0.5: Equivalent circuit o f Flexy and its conditioning components. S0 - start sw itch , 
Se -crowbar switch,FCS - fo il closing switch, SOS - so lid d ielectric closing switch. 
t - transmission line, g - generator, 
The curve used as a model in the calculations was chosen conservati vely and is shown in 
the figure; The maximum 6 k V hold-off voltage per groove and 0.6 kJ energy dissipation I cm 
along it used for design purposes were 
also below those obtainable. A simple 
expression to account for the compression 
of the flux in the grooves was also 
included. The fou r-stage O D model for 
fast input pulses described in Chapter 7 
was used to calculate the output 
characteristics o f the PEOS. The value of 
the plasma density ncop needed in the 
calculation for the PEOS to open at a 
thresho ld current lop of 300 kA was 
obtained from eqn 9.1 for an emission-
limited conduction phase. 
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Fig. 10.6: T ime variation of dynamic EFF 
resistance 
The sixty extruded 40 cm long grooves needed to produce the voltage across the EFF 
should be o f standard groove design (shown in Figs 8.15 and 8.16), and have a total 
inductance of 30 nH. The explosive assembly needed to force the thick fuse into the 
grooves, should be initiated by an exploding-foil-mesh (Chapter 3) or other explosive 
plane-wave shaper for an EFF design in plane geometry, or by a line initiato r using 
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explosive pellets for a cylindrical design (Chapter 8). An explosive switch (S2) should 
complete the circuit to the PEOS. Other components values are given in Fig 10.5. 
10.3.1 Predicted Results 
Preclicted waveforms for the circuit of Fig I 0.5 are presented in Fig 1 0.7. 11 is the Flexy 
output current, h is the current transferred to the PEOS, and h is the current switched into 
the load, which is a short circuit to a DC current, but has an effective resistance due to 
the skin effect produced by the fast rising current pulse. The 340 kV peak voltage 
appearing across the EFF is also shown, and the change in 11 due to flux compression 
into the fuse forming grooves of the EFF is evident when the current reaches about 5.2 
MA. The calculations show that an input current to the PEOS rising in 100 ns to 333 kA 
can be obtained, and that the PEOS would open at this threshold value in 1 0 ns. These 
characteristics clearly satisfy the central aim discussed earlier. 
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Fig. 10.7: Predicted waveforms for Flexy, the 
EFF, and the PEOS. 
Inserting the above input conditions into eqn 9.4 shows that the opening process is just 
within the hydro limited boundary, and consequently that using the fast model for the 
PEOS is not fully justified. An output rise-time a little longer than 10 ns may therefore be 
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expected. Emission-limited conditions and a 10 ns output rise-times would be achieved 
in practice however by setting the plasma pre-delay to bring neop into coincidence with lop 
at a threshold current level of 300 leA, which from Fig 10.7 is seen to be reached in about 
90 ns. For the PEOS to open for these conditions, it may be necessary to reduce the 
plasma density by lowering the voltage across the flashboard discharge capacitors. This 
wi ll extend the lower range of opening currents calculated in Chapter 9 for a PEOS with 
an emiss ion-limited phase and an input rising in I 00 ns. With appropriate plasma 
conditions, the output rise time would then compare favourably with a previous 
experiment [Neri et at 1987] using a PEOS with simi lar dimensions, and plasma source, 
but driven by a hjgh voltage Marx bank. This produced a current rising to 700 kA in 
approximately 60 ns at the input to the PEOS. A voltage of 4.25 MY was obtained across 
a diode load, so that a voltage exceeding l MY across such a load is anticipated from the 
proposed experiment. 
10.4 Conclusions 
Proposed conditioning circuits for Flexy using fuse current sharpening stages to provide 
an input current to the PEOS rising to 300 kA in 100 ns, were presented together with 
their calculated output characteristics. Reasons why the fuses were unable to produce 
sufficient voltage and thereby input rise-time to the PEOS were given. Ways of 
improving their performance were suggested including a novel crowbarring technique 
and by coupling Flexy to a fast flux compression generator. 
A circuit with an EFF sharpening stage that was able to provide the characteristics 
required at the input to the PEOS with a consequent output current rising in 10 ns was 
also presented. Details for a future experiment, and predicted waveforms for thi s 
arrangement were given. Comparison of the results with results produced elsewhere 
indicated that voltages exceeding 1 MV might be anticipated across a diode load 
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Chapter 11 
CONCLUSIONS OF THE RESEARCH UNDERTAKEN 
11.1 Pulsed-power facilities 
The pulsed-power facilities needed for the experimentation described in thi s thesis were 
constructed and assembled at Loughborough, both in the laboratory and in steel 
containers that were subsequently transported and deployed on the explosive firing range 
at the military Proof and Experimental Establi shment, West Lavington, Wiltshjre. These 
facilities, together with the variety of diagnostic and calibration techniques adopted fo r 
measuring hlgh currents and voltages (see Chapter 4), enabled numerous experimental 
results to be obtained with a guaranteed accuracy of a few percent. 
11.2 On the firing range 
The decision to house the capacitor bank and the control and recording techniques in 
steel containers, and to transport them to a suitable firing site (see Chapter 4 and 5) was a 
good one. Tills 200 kJ mobile faci lity, able to deli ver up to 600 kA into low inductance 
explosive devices, and also capable of priming, firing and recording the output of flux 
compressors containing up to 15 kg of explosive and several MJs of output energy is 
probably unique in the UK, where all known pulsed power facilities on s ujtable UK 
firing ranges are static. The purpose built mobile facility was particularly suitable for a 
low budget programme, since the fi.rings (experiments) were conducted with a minimum 
of staff, access was virtually unlimited, and overheads were kept low. The experimental 
procedures adopted, and the tests and calibrations carried out prior to the firing (see 
Chapter 5) ensured that accurate results were obtained from complex single shot firings 
with a high probabi lity of success. 
Several low energy small diameter flux compressors (Mirugens) were successfully fired 
during the commissioning period of the ftring system (see Chapter 5). The results served 
in particular to illustrate the energy loss mechanism described as 2n-clocking or turn 
skipping (described in Chapter 6) that occurred occasionally due to a mjsalignment 
between the coil and armature, and which is difficult to avoid in small diameter hand 
wound generators. Voltage breakdown between the coil and armature was also 
experienced in a number of well aligned machined but urunsulated generators. Thls 
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emphasised the need to caJcuJate the breakdown voltage at the design stage, and to fill 
the space between the coil and armature with a high voltage breakdown gas. 
Reproductions of the high gain 1 MJ flux compressor with a machined coi l and tilted 
turns in the high current section, designed and used at the Atomic Weapons Research 
Establishment in the 1950s, were intended to be used for the rugb energy experiments. 
Its output energy when fired was however shown to be well below the design value, due 
to a failw·e to reproduce the precise contouring and insulation requirements in the tilted 
turn region of the coil (see Chapter 5). The consequent need for further investigations, 
coupled with the time involv ed in its manufacture, ruled it out as an energy source for the 
present experimentation. These events highlighted some of the problems likely to be 
encountered with more complex generator designs and a lso the requirement to rep lace it 
with a simple hand wound source that was very much easier to manufacture. 
11.3 Flexy flux compressor 
The studies of the explosively driven helical flux compressor described in Chapter 6 led 
to a simple but efficient computer model for design purposes. This simple programme 
can be used for either the performance prediction of ex isting generators or the design of 
future generators with high output energy. No complex manufacturing techniques were 
required to construct the eight section hand-wound coil with turn splitting between 
sections for the I MJ flux compressor (called Flexy). Satisfactory results were obtained 
with an unmachined but annealed aluminium armature filled with plastic explosive. After 
solving an initial coil winding containment problem in the generator, and including 
various non-ohmic resistances in the numerical model , the simulated results were close to 
those obtained experimentally These inexpensive and easily produced generators (the 
first generator was designed, manufactured and fired in less than three months, and 
thereafter a Flexy could be produced every few weeks) gave consistent outputs that were 
adequate to power the rugh energy and current experiments conducted on the ftring 
range. 
11.4 Fuse experiments on the capacitor bank 
The performance of a thin metal foil (termed a fuse) as an open circuiting switch in high 
current pulse circuits was demonstrated by experiments using a capacitor bank energy 
source. The bank provided a rate of energy input to the fuse during its vaporizing phase 
beyond the burst condition (see Chapter 8) of between 2 and 5 MJ kgm·1 !-LS-1 into 17 1-Lm 
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and 24.5 ~m thick copper foil fuses surrounded by a glass bead I fibre glass or polythene 
lined Mylar medium. The results showed that under these energy rate condit ions the fuse 
resistance after burst increased rapidly by about a hundredfold in a fraction of a 
microsecond and then increased more slowly by a further factor of approximately two as 
the fuse become fully vaporised. The resulting sharp voltage (approaching 50 kV) 
resulted in an effective opening of the fuse circuit, with electric fields exceeding 3kV cm-1 
being sustained across the fuse. 
Empirical curves derived from the experimental results for the increase of resistance with 
specific energy deposited in the fuse, were used to develop a computer program that 
accurately predicted the fuse performance over a wide range of circuit conditions and 
fuse dimensions. The program also predicted that more than double the voltage quoted 
above could be obtained by optimising the fuse dimensions. Although the curves for the 
two fuses described above were of similar shape, they demonstrated a characteristic of 
fuses during the vapour phase, with the thinner fuse needing much less energy fo r the 
same increase in resistance ratio. 
Current sharpening using fuse opening and closing switches was also demonstrated. An 
untriggered fast acting exploding-foil closing switch design connected in series with the 
fuse avoided the problems of triggering. The switch operated automatically to transfer 
current into a low-inductance load when the optimum circuit opening conditions were 
reached, with the sharp pulse of the opening fuse voltage being close to its maximum 
value. A computer program for the single stage of fuse opening fo llowed by a closing 
switch to transfer current into a load closely simulated the experimental results. 
11.5 Plasma erosion switch 
A plasma erosion opening switch (PEOS) was designed and constructed to provide a 
final stage of pulse conditioning. Although no complete and universally accepted 
explanati.on of the complex switching action has appeared, a survey of relevant published 
experimental evidence and the conclusions drawn (described in Chapter 9), confirmed 
that the PEOS output rise-time depended on both the input threshold current and its rise-
time. The experimental results also showed that for input currents rising to threshold 
levels of a few hundred kA in about 100 ns, the plasma density in the switch when it 
opens is proportional to the switch cathode current density, and the opening time 
approaches 10 ns. Under these conditions the switch input conduction phase is described 
as being emission-linlited (see Chapter 9). Also, when the product of the input rise-time 
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squared and the input opening threshold current density exceeds a limiting value, the 
plasma density needed to open the switch increases. It then becomes proportional to the 
product of the cathode current density times the input rise-time to the opening threshold 
squared, and the input conduction phase is described as being hydro-limited (see Chapter 9). 
Under these much greater plasma density conditions, the output current rise-times are 
also increased. 
The information yielded from the survey enabled, in particular, the range of plasma 
densities provided by the selected plasma source to be estimated. This, together with 
some experiments conducted in the laboratory to observe some plasma characteristics, 
and to determine the best component layout and inter-wiring details, enabled the switch 
to be designed and built. 
The plasma sources used for the PEOS provided a range of plasma densities. When 
initiated at the correct time relative to the input threshold currents, the opening threshold 
current level provided by both the capacitor bank with automatic fuse sharpening (rising in 
about 300 ns) and that anticipated from the conditioned Flexy flux compressor (rising in 
about 100 ns) will open the switch. 
When the PEOS was tested on the capacitor bank, it opened in less than 100 ns at an 
input current level of 150 kA. Although it was hydro-limited its output current profile 
resembled that expected from a emission-limited opening process, and a computer 
simulation of the PEOS characteristics produced a close fit to the experimental results. 
Additional calculations showed that, by adopting the advanced fuse arrangement 
described in Chapter 8, and optimising the circuit and coupling inductance to the PEOS, 
the input current would rise to the threshold level in 100 ns, the input conduction would 
be emission-limited, and the switch opening time would approach 10 ns. 
11.6 Flexy conditioning with fuses 
The results from the Flexy flux compression driven fuse experiments highlighted the 
importance of providing a sufficient rate of input energy during the vapour phase. With 
the fuse dimensions arranged for burst to occur at the most beneficial time during the 
time scale of the current waveform, the input energy rates to the fuse during the vapour 
phase were only between 0.4 and 0.8 MJ kgm·1 J.lS. This is approximately six times lower 
than that provided in experiments using the capacitor bank. Under these conditions, the 
fuse takes a longer time to pass through its vapour phase, thus allowing more time for 
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differences occurring in the thermal and hydrodynamic behaviour to influence the 
characteristics of the expanding vapour. As a result, restike occurred across the fuses at 
au electric field of 1.2 kV cm"1, when only about a third of the energy needed to fully 
vaporize it (and thereby to increase its resistance) had been dissipated. The effectiveness 
of fuses to open a circuit (and to automatically transfer current to a load) is reduced under 
these conditions. For comparable fuse voltage results, fuses provided with energy input 
rates of between 0.4 and 0.8 MJ km"1 f!S-1 during the vapour phase, need to be 
approximately three times longer than those with energy rates six times higher. 
Numerical simulations of the results using the Flexy flux compressor parameters, 
together with the fuse model, agreed with the fuse voltage up to restrike. Calculations of 
the performance of two proposed Flexy-driven first stage fuse conditioning circuits led to 
the conclusion that the low energy input rates provided by Flexy were unlikely to achieve 
the PEOS input characteristics needed to satisfY the central aim of the thesis. However, 
performance predictions for a fuse sharpening circuit (see Chapter 8) that included a 
crowbar, to effectively disconnect Flexy from the circuit when the fuse voltage reaches 
its maximum value, showed that the negative rate of change of current in the primary 
of its output transformer was increased to -3 TA s·1• This would amply achieve the rise 
time needed by the PEOS connected in the secondary circuit and satisfY the central aim. 
Further work is however needed to confirm that the crowbar can be successfully 
implemented and triggered. 
Current sharpening with simple automatically operated opening and closing fuse 
switches is easy to implement. It was shown to be very effective at the input energy rates 
provided by the capacitor bank, and for these reasons it is regarded as the preferred 
choice. A conditioning approach that would avoid the problem oflow energy rates in the 
fuse is to feed the Flexy output current into a flux compressor with a run-time of less 
than 20 f!S, and use its faster rising output current to drive the first stage of fuse 
sharpening. This approach is certainly worth considering in future research. 
11.7 Flexy conditioning with an EFF and a PEOS 
The explosively formed fuse (EFF) described in Chapter 8 overcomes the problems 
described above that occur when the time to vaporize a simple fuse is increased. The 
complex action of an EFF driven by the Flexy flux compressor can be regarded loosely 
as equivalent to that of a thin fuse of an appropriate size to effectively open the circuit, 
formed in the conditioning circuit at a chosen time during the current waveform. 
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Experiments to demonstrate the EFF characteristics were conducted, and a curve for its 
resistance variation with time, values for the electric field (about twice that sustained by 
fuses, due probably to a reignition inhibiting effect of the high-pressure explosive 
environment) and the energy dissipation in the extrusion grooves, were all derived. 
Conservative values of these were included in a computer simulation of the overall 
characteristics of a Flexy driven EFF conditioning circuit. Calculations for a proposed 
circuit design for this combination, together with a final stage of PEOS sharpening, 
showed that a current output satisfYing the central aim with a rise time approaching 1 0 ns 
could be obtained. 
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Appendix A 
BASIC LIMITATIONS OF HELICAL FLUX COMPRESSION GENERATORS 
Although the analysis below initially follows that of [Pavlovskii et a! 1980a], in 
assuming an ideal generator in which all flux loss mechanisms are neglected, the later 
stages are novel [Novae et al 1995)]. In this situation, the ratio of the maximum final 
magnetic energy to the initial magnetic energy k = W miW o can be written as k = Lo/L~o 
where Lo and L1 are the corresponding initial and load inductances. 
The maximum current that can be supported by the generator is Im = 2nrcim, where re is 
the coil radius and im the corresponding maximum linear current density. The global 
efficiency of the generator may be written as 11 = W m IQ, where W m = L1I! I 2 and 
Q = m;x tm Y is the chemical energy stored in an explosive charge of radius fex· The 
quantity Y is termed the intensity of the explosive and includes the initial mass density 
p0 , the detonation velocity D, and the characteristic heat of detonation 
Mlex,(Y = p0 DMl,J [Novae et al1989]. If the operational time of the generator is tm, 
then 
The basic limitation to the energy multiplication of a generator is given by the 
maximum induced voltage that can be sustained in the generator without leading to an 
electrical break-down. If a linear rate-of-change of current is assumed throughout the 
time tm, then dll dt =I m I tm and the initial and final voltages developed inside the 
generator are V0 = L0Im ltm and V m= L1Im /tm. The corresponding interior electric 
fields are E0 =V0 /(rc -r.) and Em =Vm(rc -ra), where fa is the outer radius of the 
armature. If ra is considered to be close to rexo then k = Eo/Em and the activity of the 
generator A = T)k is given by 
where R = rJra is the maximum expansion ratio of the generator armature. A high 
experimentally obtained activity clearly denotes a good initial design of the generator. 
The presence of the explosive intensity term in the expression for A shows that a better 
explosive will produce a lower value for the activity, and that to obtain the same activity 
requires an improved design in which higher electric fields can be sustained. 
The examples below illustrate the range of basic parameters reported for a range of 
practical generators 
20 kV cm"1 <Eo< 150 kV cm·1 [Chemyshev et a! 1980a, Pavlovskii et a! 1980a 
Novae et a! 1995 ] 
0.2 MAcm·1 < im < 1 MAcm-1[Morin and Vedell971, Freeman et all994, 
Novae et al 1995] 
1
37 nitromethane 
Y(TW I m2) = 88 composition B 
106 PBX- 9404 
[Dobratz 1974] 
2 < R < 2.5 [Morin and Vedell971, Chemyshev et all980a, 
Novae et all995] 
and these results together show that the limits for the activity of a variable-pitch helical 
generator are: 
1 < A < about 40 
It should be noted that for flux compressors with a constant rate-of-change of 
inductance with time ( dL!dt = constant), as in a single-pitch helical generator, the 
maximum theoretical value of A is unity [Cummings et all966]. 
As the definition of the activity shows (A = 11k), a choice can be made between a high-
efficiency, low-energy multiplication generator (a very high-current design) or a low-
efficiency, high-energy multiplication generator (a booster). As an example, the best 
results reported for the first case are A= 13 with 11 = 30% and k = 43 [Morin et all971] 
and for the second case A= 40 with 11 = 4% and k = 1000 (Chemyshev et a! 1980a). 
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Appendix B 
HELICAL LENGTH ALONG THE ARMATURE CONE. 
Consider a truncated cone section of the armature with the radii r1 and r2 and r2 > rt (see 
Fig 6.1, intermediate position (iii)). Using cylindrical coordinates (r, a, z), a helix on 
this surface is described by 
z = p9/(21t) 
r = r2 - (pa tan a )!{21t) 
from which the elemental length 
can be written as 
dl = (ptana/(21t)]U2m2/{ptana)-9]2 
+ (1 + cot2 a) }.!_de 
2 
The total length lh of the helix in this section is 
where 
giving 
where 
1 = l'l1 ~da 
h .IJo de 
lh =~{r2 [l+cot 2 a+(2m2 cota/p)2f 
-rl[1 + cot2 a+ (21trl cota/p)Z r 
+ (ptana/(2n)Jl + cot2 a)ln(R2 /R1)} 
R1 =r1 +t1
2 +(1+cot2abtana/(21t}Ypi 
R 2 = r2 + tf +(1 +cot2 abtana/(21t)J2 pi 
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AppendixC 
MARKIXINPUTDATA 
The active coil length of 118 mm comprises four sections with lengths 217, 217,223 
and 461 mm (see Fig C.l) but, since the design program accepts only equal-length 
sections, the input data was specified as five sections of 217 mm length. This will affect 
the final part of the computed behaviour, as the operational time is reduced by about 3.6 f.IS and 
there is a reduction in the corresponding inductance. The diameter/section length ratio 
exceeds 1.6, so that an error of about 10% can be expected in the inductance values. 
The detonation velocity is not specified, and was obtained from the time for the 
expanding armature to make contact with the coil, considering the radial velocity to be 
given by v det tan a. 
input 
insulator 
crowbar 
for model 
input 
I 11 
I 11 
stator winding output 
Ill IV output 
concrete 
Ill IV V 
stator winding 
Fig C.l: The Mark IX generator. The upper half is the actual arrangement 
(0, I, 2 and 3 are the armature positions at t0 t1, t2 and t3); the lower half is the 
model arrangement ( 0, I, 2m and 3m are th~ armature positions at t0, t1, t2m 
and t3m). Heret0 is the crowbar time,t1 is the end of period (I) t2 and t2m are 
the end times of purely helical phase (the armature cone enters the output ring). 
t3 and t3m are the end times of period (2). 
The Mark IX generator presented in [Fowler et al 1989] has no crowbar, so that the 
input ring has the same diameter as the coil. Nevertheless a crowbar time was 
introduced, based on the dlldt and resistance data, and from this the diameter of the 
hypothetical crowbar was calculated. Even for the first sections of the stator, some 
difference between experimental and computed data is therefore to be expected. 
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Because the model considers only the helical part of the generator, the inductance of the 
output coaxial ring (26 nH) must be added to the load inductance. The ring inductance 
was calculated from the cross section of the generator and was used for the first 
102 J.IS (t2). 
For this particular design, the computer code included a coaxial coil, to enable a 
comparison to be made with the current in the final stage of flux compression (after 102 
J.IS). The coaxial coil has 153 mm active length and 26 mm passive length (because of 
the output insulator). The 3.9 nH inductance of the passive length remained added to the 
load inductance until the end of compression. The calculation ends when the contact 
point reaches the output end of the helical coil 
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AppendixD 
NONLINEAR DIFFUSION AND THE MECHANISM OF VOLTAGE 
BREAKDOWN 
When a volume 1'. V is removed from the internal generator volume, either by movement 
or by an unexpected jump of the contact point, the energy contained therein is lost. If 
the reduction in inductance is t.L, then 
For nonlinear diffusion 
1'. V= 2t.l(S * -S) 
where t.I is the cable length removed in time L'.t and S * and S are circular areas inside 
the cable, defined by skin depths o* and o respectively. The factor of two is introduced 
to include the effect of the armature. 
The velocity of the contact point, approximately 
can be extremely high (880 mm!Ls-1 for the first section of the EF-3 generator). The 
equivalent non-ohmic resistance is 
t.L 2 S*-S 
Rnd =-=2B Vcp 2 
L'.t !Loi 
Ifthe magnetic flux density is expressed as 
and cos~ approximately by p/(21trc) then, for n contact points of the armature with the n 
cables in a section, the non-ohmic diffusion term of eqn (6.13) is obtained. 
In the sinusoidal model of Fig 6.6 for annature machining defects, A. is the wavelength 
of the defect. The corresponding amplitude G is the resulting amplification of an initial 
amplitude g by the armature expansion. 
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For each voltage breakdown between the coil and a peak on the sinusoidal annature 
surface, the magnetic energy in the volume between the plasma and the breakdown 
point is lost. The new effective amplitude is now A = G + V /E. 
A volume !1V, approximately by nA.A(2r0 -A)cosu, is lost during each time interval 
!1t = IJv det· If the magnetic field is regarded as being produced by a copper sheet of 
width p, then, as an approximation to the cable lay-out, 
and, with the aid of the results presented above, the result given in eqn (6.14) can be 
obtained 
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WINDING INDUCTANCE OF HELICAL TRANSFORMERS 
AppendixE 
Single~ turn 
primary ~~finding 
Fig E.l shows a view of a typical helical 
transformer. If initially a transformer with 
a 2:1 turn ratio is considered then, to 
calculate the inductance, the single-turn 
primary winding is considered as a 
cylinder, and the secondary winding is 
decomposed into two further cylinders 
having radii equal to the minimum radii 
of the two winding turns. The z axis field 
distribution H,(r,z) inside a cylinder of 
Fig. E. I: View of helical transformer 
length I, radius a, and carrying a circular current I is [Miura et al1979]. 
H ( )- I r( 1-KcosiJI ) 
z r,z - 41tl l+K2 -2KcOSIJI 
[ 1-Z' (E 1) 
where y = a/1, K = r/a and Z' = Z(V2). The inductance of the primary winding is 
obtained by integrating eqn E 1 over the surface of the cylinder 
(E 2) 
Relatively simple approximations for H,(r,z) enable this equation to be readily 
integrated [Miura et a! 1979], but in the present study a numerical solution was used. 
The mutual inductance M12 between two concentric cylinders is calculated from 
(E 3) 
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where a1is the radius of the inner cylinder and Iz and H~(r,O) are respectively the 
current in the outer cylinder and the magnetic field that it produces. 
In general, the inductance of a multi-turn secondary winding represented by n 
concentric cylinders is 
n n 
L, = LLi+ l:Mij (E 4) 
i=l i,j=l 
where Li is the inductance of the ith of the secondary cylinders and Mij is the mutual 
inductance between the i and j cylinders. The primary to secondary mutual inductance is 
n 
Mps = LMvi 
i=l 
(E 5) 
where Mpi is the mutual inductance between the primary and the ith of the n secondary 
cylinders. 
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